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Static and Quasi-static Seismic Response
Analyses of Buried Pipelines

ABSTRACT

This report describes the results and methods of seismic response analyses for the burried
pipelines subjected to ground shaking. The results are consist of each result of upper bound analyses,
static analyses and quasi-static analyses.

In upper bound analyses, the results show highest level of the response behavior of burried
pipelines. Accordingly the bounds of the response are as a basis of normalization of the results of
static analyses and quasi-static analyses.

In static analyses and qliasi-static analyses including elastic and elasto-plastic behavior of the soil
and joint springs, the results show lowest level of the response behavior of burried pipeline. Because
the slippage between soil and pipe arises at the yielded portion in the soil.

In these analyses, assumptions, formulations and results of each analysis are derived from
seismological and geological standpoints.

1981.8. 15

Leon Ru-Liang Wang

Eiichi Kuribayashi
and

Takayuki Hadate



I. INTRODUCTION

Recent studies(1>23) Have shown that buried gas, water and sewer plpc]ines have been damaged
heavily by earthquakes. Other than the catastropic failures such as landslides and soil liquefactions,
buried pipelines, damages caused by earthquake excitations (effects of ground wave propagation)
have been found to be a major mode of failure(®), Also, the axial responses of fong buried pipelines
has been found to be predominant during seismic ground shakmg(4 3). The dynamic effects of buried
pipelines has been observed to be small(5) due to lngh restraints and damping from the surrounding
soils and are neglected. State-of-the-art papers (6: 7. 8) on the subject have been reported.

The analysis and design of buried pipelines, which by their nature have both temporal and
spat1a1 variations, are much different from those of buildings. Presently, there are no codified
provisions for the design of buried pipelines to resist seismic loads in the United States. To evaluate
the adequacy of the existing pipelines and to aid the design of future systems, this paper summarizes
the currently available static and quasi-static analyses for the seismic response behavior of buried
pipelines (i.e., pipe strains, relative joint dlsplacementslxotatlons between pipe segments and relative
dlsplacements between the pipe and the ground due to seismic ground shaking) (9 10, 11, 12, 13)

The analyses reported include upper bound analyses by snnphﬁed and quasi-static approaches;
static: analyses baséd on beams on ‘elastic foundation and beams on elastic-plastic foundation;
quasi-static. analyses.:for- elasti¢ - and - elasto-plastic responses - for - long stralght (contmuous or
segmented) buried pipelines.

Although the discussions for some analyses have been presented and publlshed(14 to 15), the
assumptions;- formulations and: results of ‘these analyses are’ grouped together in the report for the
purposés of comparison:and completeness : : "
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II. UPPER BOUND ANALYSES

I.1  Simplified Approach

Although there are currently no codrﬁed provisions to desngn underground prpelmes for
earthquake effects, a ‘Simplified procedure’(16) to - estimate thé underground pipe strains and
curvatures due to seismic shaking has existed for some time. Basically, the analysis assumes no relative
motion between the pipe and the ground. Thus, as upper bounds, one can take the séismic ground
strains as the pipe strains and the seismic ground curvature as the pipe curvatures. This is' equivalent
to assuming that the pipe has no stiffness, and therefore fo]lows the ground exactly. Detalls ‘of
this approach can be found in Referenceés 15 and 20,

Assuming that the seismic wave shape remains constant while traversmg the prpelme ‘the
maximum axial strain of the ground, €., *, which will be taken as the upper bound of the axral
strain of the plpe €p, max» due to ground shaking will be: :

€p, max = €max = Yinax/Cp , » : R (l)
The maximum ground curvature, X ..., which will be taken as the upper bound of the maximum
curvature of the pipeline, X, .y, will be: : = L

) xp, max = Xmax = Amax/Cs ' o ' 2)
where V pax 18 the maximum ground- velocity and Ay, is the maximum ground acceleration dUrmg
a seismic event at the site; C;.and Cg are the longitudinal (compressive) and-transverse (shear) wave
propagation velocities respectlvely of the ccontrolling environments with réspect to the pipeline;-

If a continuous piping system can meet both sets of upper bound criteria (strain and curvature),
the pipeline will be adequate against earthquakes producing ground velocities and acceleratrons less
thanthe V .. and A, used in the analysis:. . .

For segmented pipelines (Fig. 1), the maximum relatrve Jornt dlsplacements and maximum Jomt
rotations become important design parameters in addition to. the pipe strains and-curvatures. If we
assume that the prpelme consists of rigid segments which have their mid points move with the ground
exactly, then the maximum relative motionfrotation. between two points on the ground will: be
entirely taken up by the relatnve displacements and rotations of segments at the joints. Hence,
the upper bounds of maximum relative :joint: displacement;- Uy max and maximum relatxve joint
rotation, ()p max> ©f the prpelme shown in Fi 1g 2 can be expressed as:. v : .

Up,max"‘ em'a'xL" o : | , ‘ .(3)
op,"iﬁax: xmaxL/ R L o ‘ ,’(4)

where L is the length of :the pipe segment; emax and Xz are the maximum free ﬁeld ground strain
and curvature defined in Eqns. (1) and (2) respectively.

- If a buried segmented piping system can meet all’ four “sets of upper. bounds (prpe strain and
curvature; joint displacement and rotation) specrﬁed in Eqn. (1) to Eqn. (4) for a design earthquake,
the pipeline. will be.conservatively safe:because in the real case, the pipe strain’and relative joint
drsplacement will jointly take-up the imposed ground strain aiid both the pipe curvature and joint
rotation will jointly take-up the rrnposed ground curvature,. . -

Since these upper bounds are unique and simple to obtain, they will be used as a basrs for
the normalization of results presented later.

* Symbols which are consistented within a section are defined when they first appear in the section,
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1.2  Quasi-static Approach

I1.2.1  General Description and Assumptions

In the simplified approach for the upper bounds, pipe strains and curvatures are estimated
from free field conditions. For relative joint displacements and rotations, what one needs to know
about the pipeline is segment length. There is no soil-structure interaction involved.

However, in reality, the pipeline (typical of water/sewer transmission lings) is made up of
pre-fabricated pipe segments. These pipe segments are connected at joints, which are sealed by
a rubber gasket or caulked by cement/lead. Figure 1 shows a buried piping system schematically.

Due to the motion of the ground relative to the pipe segment during earthquakes, resistance
between the pipe and the surrounding soil develOps. To model such soil resistance, a' uniformly
distributed linear soil spring, k, is used.

The joint resistance between two pipe segments is modeled by a ]Oll’lt spring and a dashpot.
Note that the joint spring constant from a rubber-gasket, cement-caulked or lead-caulked joint is
in gener‘al very. small as compared to- the stiffness of pipe itself or the resultant soil spring constant
along a pipe segment.

Under seismic excitation, both pipe segments and ]omt springs are all subjected to the 1mposed
ground displacements/strains. However, it is anticipated . that most of the ground displacements/
strains will be absorbed by the movements of joint springs and very little by straining of the pipes.
For. simplicity and . conservatism (in estimating joint extension/contraction) purposes, all pipe
segments will be assumed to be infinitely rigid. Thus, the upper bound: for the relative joint
displacements -of segmented pipelines can be obtained. Furthermore, such simplification would
enable us to verify some observations of seismic response of buried pipelines by the Japanese (4, 5)
initially.

-An-earthquake ‘motion traveling along a pipeline résembles the problem.of wave propagation
in- an ‘elastic media.  An incident earthquake 'at one-end of-a pipe segment will.not simultaneously
reach the other end some distance away. Thus, for wave propagation pfoblems, a time lag is generally
associated with the wave in'the direction of propagatiOn. Since the dissipation of seismic wave energy
is negligible "along-a pipeline during the period- of -investigation, we assume that" the wave form
remains constant in the course of propagatron More assumptrons will be made later in related
sections. ~ . : . .

[.2.2 - Forniulation of the Problem '

‘A long buried’ piping-model consisting of n-segments is shown in Fig. 3 where Ml , Mg, oMy,

‘M, are equivalent: masses of each segment of underground pipes- -which should mclude the mass
of the 'prp'e and the soil that moves with: the pipe; Ky, K3, ... Kl, wKygand Cy Gy Gy Cn {
are spring constants and damping coéfficients-at joints between pipes, Ko, K, and Co, C are spring
and damping constants at the end supports.

The coordinates that define the motion of the ground and the pipe durmg an earthquake are
also shown in Fig. 3 in which x;, X2, ... X}, ... X,, are longitudinal displacements of mid-sections
of pipe segments; Xqy, XGas - XGn aré the correspondmg ground displacements in the direction
of the pipeline axis; Xgo and Xg,,, are the ground movements at the ends; Ly, Ly, ... L;, ... L are
pipe segment lengths

Referring to Fig. 4, the dynamic equilibrium equation for prpe segment iis:

Mg tE - FrG=0 IR :’(S')

in whrch M %; is the inertia force, Fi " Fi are Jomt resistant forces at both ends of the plpe and fi is

the reSrstance from soil surrounding the pipe,
Usmg the coordmates, x; > xG,, x1 > Xi-t5 Xis > x,, the above resistant forces can be expressed

as:




Fi = C(%i,1- %) + Ki(xi,1 - X;)

Fio= Ciy(%- %) + K (%5 - %5.4) ©)

_
1

= diLi(%; - %) +kiLi(x; - x6p)

where d; and k; are damping and spring constants per unit length of surrounding soil.
Carrying out the equilibrium equations for all segments, the system of equations of motion
for a pipeline of n-segments in matrix form will be obtained as follows:

[M] {5}+ [C]{x}+ [K] {x}
= [d) {xg}+ [kl {xg} + [C') {x6"} t [K'] {xG')}

where [M], [C] and [K] are the system mass, damping and stiffness matrices; {X},{ X} and { x} are
the acceleration, velocity and displacement vectors of the pipeline system; {Xg}:{ Xg) s {xg) and
{xg} are the ground and support velocity and displacement vectors; {d], [k], [C'] and [K'] are soil
and support damping and spring matrices.

0.2.3  Earthquake Motion Inputs

In order to study the seismic response of buried pipeiines governed by the equation of motion
shown in Eqn. (7), the ground velocity and ground displacement time histories for every station
must be known. As indicated earlier, the wave form is assumed to remain constant during the course
of investigation, the earthquake motion vectors {Xg } and { X, } can be more realistically represented
by incorporating a delay time, which is the time required‘ﬁ)r the seismic wave to travel from one
segment to another. Accordingly, just one earthquake time history data is needed for the analysis.

The inputs of the time-space varying ground motions starting from the first end restraint are:

(7

XGO = Amax f(t)

XGo = Vimax &) foraltt=0 (8a)

Xgo = Apaxh()

X¢i = 0
i~1
xgi = 0 fort<tg;= 2 ATj#AT;/2 (8b)
xgi = 0
RGi = Apay f(t_td,i)
i=1
xGi = Vmax g(t-— td, i) fort= td,i = }El ATJ+ATI/2 (80)

Xgi = Bmax h(t"td,i)

where A .., Vmax, AL« are expected maximum values of acceleration, velocity and displacement

of seismic data. AT; = T)Lli is the delay time for a seismic wave traveling L;-distance of pipe; Coi =
p ,

wave velocity of soil surrounding i segment of the pipeline.
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.24 Quasi-static Model

The system of dynamic equations developed in the previous sections involved inertia and
damping effects, which, together with the time delay effect in ground excitations, become an
extremely tedious problem to solve. Furthermore, it is very difficult, if not impossible, at this time
to obtain reasonably accurate values for the equivalent mass and damping coefficients for the system.

For general design purposes, it is desirable that the design procedure be simple and the analysis
be cconomically feasible, yet reasonably correct. For this rcason, we nced a simpie iodel witich
will provide results similar to the exact model for the same problem.

In recent years, several investigations(63) done in Japan, indicated that dynamic effects are
not significant in the behavior of underground piping systems. In view of this information, we will
convert the dynamic model into a simple quasi-static problem by neglecting the { X}, {x}, {Xxg} and
{ _ng’} terms. For simplicity, we assume equal pipe segment length in the analysis model. The system
of equations becomes:

[K1{x} = [k]{xc}+ [K'] {x5') : €)

in-which [K] is a tridiagonal-symmetrical matrix, [k] and [K'] are diagonal matrices. Or in expended
form, the governing equations of equilibrium are as follows:

- . (. oo N ( 3
Ky  -Ky ) : X1 | kL | *a1
-K; KQ - -K3 Xa koL -XG2
) ® ) . ‘e ’ °
® . ® ' J ° °
= <
Ky K K 5 | KL xci |
° ° °
° ™ °
“Kpt Kpn Xn ) N k,L g | XGn J
nxn nxl nxn nxl
Ko N ([ Xgo )
1 0
1 0
™ °
+ [ 10
. , 1 e [ (10a)
50 D 0
1 _ ' 0
Kn » ' L ) vaml J
nxn - axl
where
Kl = Ki-l + Ki + kiLl , (IOb)
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Note that the ground displacement vectors, {x} and {x x G1}are constantly changing from one instant
to another due to the delay time effect although the wave form remains unchanged.

For simplicity, we further assume a constant delay time, DT for the seismic wave traveling from
one segment to another in a given system. Using the first pipe segment as the time reference, the

input ground displacement vectors can be defined as follows:

XG1
XG2
°
{xg} = i r = Dpmax *
XGi

(x'c} = :

: _sxGn+l "

h(t)
h(t-DT)
®
®
h(t- [i-1]DT)
' o

“h(t-[n-1]DT)

h(t + %— DT)

‘oo e e oo

h(t- [n- ”é.] bT)

Now, let us define the following’ parametric constants for the'« quas1 statlc analysns;

1) Normalized Joint Spring Parameters
o5 = Ky/kL i= lton-1
2) Normalized End Restraint Spring Parameters
Yo = Ko/kiL
Tn= Kn/kL
3) Soil Resistant Sprmg Ratios
=k /kl ; =1 ton

> (11a)

L (ltb)

(12)

(13a)
'(13b)

(14)

Substltutmg these parameters [Eqns (12) to (14) into’ Eqn (10)] the systém of the governing

equatlon becomes




/ (o

oy +1) -Q X3
s} () + 28, +8;) =03, X2
. ° °
° . ® J ° r
=018y (0181 + o5 +8) ~aif; X
. ° °
~0n_1B8n1 (%n-1Bn-y + Ty +By) y Xp
\ r ~ r
XG1 Yo XGo
ﬁz XG2 - 1 0
. . ° °
° l e + ° 1 & (15)
B; | Xci r 1 Y
. | e . | e
By J XGn L TnBn 1 XGn#1
J \ .

in which all elements in the matrices are dimensionless quantities. It is interesting to note that this

governin
L, since
plpelme

g equation for the analysis of buried pipelines does not involve pipe segment length variable,
its effect has been built into the relative values of @, § and . Furthermore, the effects of
length can be studied by varying the number of segments and the magnitude of DT used

in the analysis.

For

1)

2)

3)

the analysis, the following special cases of a, 8 and y were studied:
Pipeline buried in a uniform soil environment,

Ba =PBs = ..0;=..B, =1 (16)
Pipeline without end-restraints

Y% =0 and 7y, =0 : 7
Pipeline with uniform joint construction

a =0y =, @ =0, =0 S -(18)
which is assumed to be the case in this paper. As indlcated _earlier; the joint. resistance is

much smaller than the soil resistance along a pipe segment, thus a in general will be a small
quantity even though the effects of « are studied parametrically. : . e

1.2.5 _Method of Solution

Since the system of governing equations shown in Eqn (15) for the quasi- statxc model involves
only symmetrically tridiagonal and diagonal matrices, it is more efficient and advantageous to convert
[K] into an upper triangular matrix by eliminating the subdiagonal elements. The system can then
be solved directly by backward substitution(17), This scheme, which eliminates matrix inversion,
reduces computer storage and has less truncation error. :
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The response of the pipe-segment x;’s were computed at each time step for the whole tirpe-
history of the input carthquake record. These responses were then used to determine the following
two parameters:

Yi =Xt Xgi ¢ Xi(t)" X(_;[t“ (l“])DT] i lton (19)

1ton-1

i

Ui = X~ Xjar 1
where

Y; ¢ is the relative displacement between the ground and the pipe-segment i.
Uj : is the relative displacement between two adjacent pipe-segments, i.e., elongation or shorten-
ing of the joint spring.
These two parameters enable us to deduce the general response behavior of the pipeline under a
certain earthquake record and other prescribed conditions.

Note that a computer program for the simplified quasi-static analysis of rigid buried pipelines
has been written and reported by Cheng(10), and results of the analysis have been reported(18);
this paper only presents the important results/conclusions without details.

Computations were made for various conditions by varying the value of different parameters,
such as the delay time, the number of pipe-segments used, the joint stiffness parameters, the end
restraint coefficients, and the relative soil resistant ratios. The computer program determines the
maximum values of Y and U for each condition and subsequently outputs Y maxs Umax and the
time and location when the maximum Y and U occur.

- I1.2.6  Resuits and Discussions

In this study, El Centro May 18, 1940 S90W component displacement time history record
shown in Fig. 5 was used. : ,

To establish a basis for comparison of the seismic response behavior of buried pipelines for
various parameters, the following conditions are arbitrarily set as the ‘reference conditions’:

Number of masses : M=6

End restraint conditions : None, i.e. v, =0 and Y,=0
Soil conditions : Uniform,ie.f=1,1,1,1,1,1
Delay time : DT=0.1Second

Seismic input . El Centro May 18, 1940 S90W Component

Note that the seismic response behavior of buried pipelines presented in this paper are limited
to the maximum relative displacements between the pipe, segment and the ground, Y., and
between the pipe segments themselves, U nax (for the rigid pipe segment assumption, U ax TEPIEsents
the joint spring elongation/shortening conservatively) for various joint spring constants,

For the evaluation of the effects of a particular parameter to the response behavior Y hax and
U ax only that parameter will be varied from the above mentioned referenced conditions.

(1) Effect of Joint Stiffness

The results of the relative displacements between pipes, U ax and the relative displacements
between pipes and their surrounding soil, Y 11ax against normalized joint spring stiffness, a are shown
in Fig. 6 and Fig. 7, respectively.

One can see from Fig, 6 that the relative displacement between pipe segments, Upnaxs (.e. the
indication of joint extension or contraction) is about 1.4 inches (3.56 ¢m) for small joint stiffness
(low a value) and decrease asymptotically approaching zero as « increases toward infinity. On the
other hand, Fig. 7 shows that the relative displacement between the pipe segment and ground, Y ...
is very small when a is small and increases tremendously as « increases beyond 0.1, The low Y thax
quantity for small « values agrees well with the observations by the investigations(, 6,5} in Japan,
Thus, for further discussions, the joint stiffness parameter « has been limited to less than 0.1,

(2) Effect of Delay Time

The delay time of seismic waves traveling from one pipe segment to another is determined by
two variables, One is the length of the pipe segment and the other is the seismic propagation velocily




which is related to the soil stiffness. Thus, one can interpret the increase of delay time as an increase
in pipe segment length or by a decrease in soil stiffness.

Just changing the delay time, DT, from the ‘reference conditions’, the effect of DT on Uma,\ is
shown in Fig. 8. Apparently, the role of DT is to cause a magmﬁcatnon in U ... This result is quite
consistent with the observations by Kachadoorian(1) who reported that pspelincs in soft soil (longer
delay time) experienced more damage during an earthquake than pipelines in firm soil.

(3) Other Effects

The effects of end restraints, pipeline length and wave forms on the response behavior of busied
pipelines have been examined to be less significant than those mentioned above. Since these results
can be found in the earlier report (10), they are not repeated in this paper.

1.2.7 _Discussions o \

The proposed upper bound quasi-static model seems capableé of evaluating the general longitudi-
nal response behavior of buried pipelines subjected to seismic shaking/vibrations. Paramétric studies
involving such important parameters as joint stiffness, uniformity of soil conditions, delay time, and
constraints, pipeline length and wave forms have been performed. The following general concludmg
remarks can be made:

1. Higher joint stiffness wnll produce larger relative displacemeénts between pipe segments
and the ground. For low joint stiffness, the relative displacement between pipe segments
and the ground is very small, which agrees with the general field observations.

2. The effects of non- umformlty of soil environments and the delay time are the two most
important influential parameters on the response’ behavior of ‘buried pipelines: For uniform
soil, the longer the delay time or the softer’ the soil stiffniess, the larger the response will
be. Under non-uniform ‘soil environment, the larger the dnfferences the: transition. of one
type of soil to another, the higher the response will be,

3. The -effect of end. restiaints is-also observed; but such-an effect is not as large as those
caused by non-uniformity of soil and the variation of delay time.

4. As to the effect of the seismic wave form, it is found that a wave form which has more
cycles of maximum-: peaks seems to yield large response values. More research in this area
is recommended. -
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M, STATIC ANALYSESU?

I.I  Beam on Elastic Foundation Model

IM.I.1 _Preface

In a previous section, upper bound valués for the maximum axial strain in a straight buried
pipeline can be obtained by assuming that the pipeline is very flexible with respect to the soil and
that inertia effects can be neglected. For the maximum relative displacement at joints, an upper
bound is obtained by assuming that the inertia effects are negligible, the pipeline is rigid with respect
to the soil. In the case of actual segmented systems, the pipe, soil and joint stiffnesses will interact
to produce a combination of pipe strains and joint displacements that are individually below their
respective upper bound magnitudes.

In this context, a refined analysis is proposed. This analysis uses a beam on elastic foundation
approach to determine the effects of soil strain on the axial pipe deformation and relative joint
displacement. ) S P S AT I

The pipeline is assumed to be straight and of prismatic cross section. The pipe, joint, and
surrounding soil are assumed to behave as linear elastic materials. Although the assumption of linear
elastic behavior is not a true representation of real materials, it is expected to result in conservative
estimates of pipe strain and joint displacement. Nondimensional curves are presented relating pipe
strains and relative joint displacement to pipe, joint, and soil stiffnesses. This refined approach is

discussed below. :

I.1.2  Analysis

This ‘beam on elastic foundation’ model is developed to obtain axial pipe strain and relative

axial joint displacement of long pipelines subjected to ground displacement. This solution accounts

for the longitudinal stiffness of the soil at the pipe/soil interface and the axial stiffness of the pipe
and joint material. The key assumption in this approximate formulation is that the pipe is subjected
'to a uniform soil strain over several segments. ’ o _

Figure 9 indicates the basis for the development of the pipe strain and joint displacement
approximation. Thelongitudinal ground strain with respect to the: pipe -axis is assumed to be of
uniform value, ¢, and the pipe is assumed to be a segmented system with uniform pipe‘and joint
properties. Due to uniformity of ground strain and assumed symmetry in pipe material and joint
‘properties, pipe segment elongations are equal and relative motion between pipe and soil at each
joint is the same. The joint spring force, S, at the end of each segment then becomes the product

\

of joint stiffness, k;, and relative joint displacement, [AHS
‘where u,(x) is the ground displacement at poinf x along the piiﬁe axis and u(x) is the pipe displace-
ment at point x. (Note the origin is located at: the center of the pipe segment.)

Figure 10 shows a differential segment of pipe acted upon by internal axial forces as well as

an additional distributed longitudinal force due to soil-pipe interaction.
Basic force equilibrium in the axial direction results in:

P(x) = P(x+dx) +k (0 - u(®)] dx (21)

where axial forces, P(x) and P(x + dx), may be expressed as follows: .

P(x) = o(x)A = e(BA =-0p) - (22)
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Pic+dx) = [0+ i(};-—;! (dx)] EA (23)

where o{x) is pipe stress at location x, €(x) is pipe strain at location x, E is pipe Young’s modulus
of elasticity, A is pipe cross-sectional area, and kg is soil stiffness [force/(length)?] in the axial
direction. Substitution of Eqns. (22) and (23) into Eqn. (21) ylelds:

the basic differential equation which can be solved for pipe displacement.
- Assuming the ground strain is uniform over a number of segments of pipe and is equal to ¢,

then: :
up(X) = epx . | v (25)
and the solution to Eqn. (24) has the general form:

u(x) = Be? + Ce M e x : (26)

. ‘The pipe strain, e(x), is of the form: .

where

€(x) g%‘z_sn,‘Be” SCe M he, @

The displaCément Boﬁﬁdaryf'.conditiqn»af' the center of the i‘reféreiriced;pipé: segment is zero,
i.e., % = 0;u(0) = O which leads to - L e o o S
‘ o B+C =‘O - 4 v : ,tzg')

The strain boundary condition at the end of the pipe segment, x =-%f;is ;

)
e/ =SH -2 @y -

AE  AE |
= 2kj‘ o yLiz YLy : .
= “;—,E,[Be +Ce 7]
and
e(L/2) = 7B87L’2 467Ce‘71’/2r.+ € (31)
Combining Eqns. (29) to (31), one finds *
' 3 € ,
C=-B= AL : L (32)

'y(e"ﬂ'” + e'yL/z) + XEI*:- (e"’w _ equz)
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Substitution of C and B into Eqn. (26) yields:

uG) = e, - [x— sinh ('Lx) (33)
My o AL
ycosh ( 3 )+2AEsmh (—%—-}

The above equation can be represented in nondimensional form as:

sinh (}I: *v/R))

u(x) =e L. [*- (34)
m L \/ﬁ; . ﬁs—.‘
VR, cosh 5 *2Rjsinh =
where,
L2 e

Rs = ks *—5~ = Relative soil stiffness (35)

and
.. L o |
R = k; *~AE = Relative joint stiffness (36)

This formulation can be used to obtain dimensionless equations for the maximum-pipe strdin
ratio, I'y, and the relative joint displacement ratio, I';. The pipe strain ratio is defined as maximum
pipe strain divided by uniform ground strain and is a maximum where x = 0, thus:

Py=—Pm oy L o e
€m VR 2R} VR :
. ~cosh——— +— sinh
2 R, 2

the product of uniform ground strain and pipe segment length, thus:

by 2[ug(Lf2) - u(Lf2))

* +'The -joint-:displacenlent'?tatio is deﬁned as maximum relative joint displacemént- divided',by

Iy = = | (38
. Substitution and, simplification fesillts in the following equation
B e AR \
N o tanh 5 S - G
. I‘J L L = : L . . : (39)
€m RS+R't 'h\/Rs_ o o
. 2 TR arj 9 .

, i-«ieEqu:i;jdns'(37)jahd~(39)' aré plotted in:'n_oﬁdimen'sionql form' as:Figurés 11 ar‘id,12.? Knowing
the maximurhsoil strain, ¢, these figures can be used to determifie maximim pipe strain and rélative
joint displacement assuming the soil and joint properties can be estimated with reasonable accuracy
-and that no slippage océurs between the pipe and the soil: In using these graphs it is recommended
T NI ‘4 - - v: i L S A. B » .

that ground strain, e\, be taken as the peak ground strain,i;’z—";,ﬂwherc*\/'m is the maximurn probable

groﬁﬁd v‘el(;city 'and"CQ’is-thé lohgi;udinal wave propa‘gation veldcity witﬁ'respect to the pipeline. -
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IIL.1.3  Sample Problem
As an example of the use of the graphs in Figures 11 and 12, consider the following problem:
Pipe Properues
Cast iron, modulus of elasticity, B = 14 x 103 ksi (96.5 GPa)
8 in. pipe:  outer diameter,d, = 9.05 in. (23 ecm)
wall thlckness 041 in. (1 em)
area, A = 11.1in* (72 cm?)
segment length = 20 ft. (6.1 m)

Joint Properties

" Rubber gasket joint stiffness(19), kj = 8.8 k/in (1.54 MN/m)
Soil Properties

Longitudinal soil stiffness, kg = 13.0 ski (90 MPa)

Longitudinal wave propagatlon velocity, Co = 866 ft/s (264 m/s)
Seismic Parameters

Maximum probable ground velocity, V, = 8.5 in/s (21.6 cm/s)

From Eqn. (1), the maximum ground stram is:

€n = 0.82x 107
From Eqn. (3), the upper bound joint displacement is:
A, = e, L = 020in. (0.51 cm)

Dimensionless Parameters

Relative soil stiffness, Ry = ki ZLE =48
Relative joint stiffness, R; = k; TLET‘,_ = 14 x 107

Solution

* From Figures 11 and 12, the plpe strain ratxo, I1 , IS approxnmated as 0.41, and the joint displace-
ment ratio, I, is estimated as 0.72. Thus, the plpe strain becomes 0.34 x 10 corresponding to
an elastic pipe stress of 4.7 ksi (32.5 MPa) and the relative Jomt displacement, A is 0.14 in. (0.37
cm).

.14 _Discussions

The normal range of | R values is expected to be frém 107 to 10 for segmented pipe. R; values
will be a function of joint materlal For the rubber gasketed joint it is expected that R; will generally
be 10™ or less. Little research has been conducted on other joint systems such as léad caulked or
leadite, Bolted, flanged connection stiffness could be estimated by considering bolt atea, connection
length, and modulus of elasticity of bolt material. In lieu of published data, expenmental tests
could be run on representative samples to establish a joint stiffness value and acceptable movement
until leakage occurs. Obviously, more research is required in this area.

The basic pipe model assumes all joint stiffnesses are equal and that symmetric behavior will
occur under the conditions of uniform ground stram Thus, as the R, value increases, the model
represents a situation in which the far ends of the ‘pipe system move with the soil, Thus, the pnpe
strain ratio, Iy, approaches 1.0 and the joint displacement ratio, I‘ approaches 0.0 for increasing
values. of- Rj ‘This condition represents a piping. system with cross connectxons, manholes, valves,
or other nonuniform characteristics that constra-n. portlons of the system to essentnally displace
the same as corresponding points on the ground, -

In order to model a continuous pipe with free ends, the segment Iength L, should be. taken as
the continuous pipe length and the value should be taken as 0. For an appreciable length of
continuous. pipe. the resultant. R, value will become extremely high resulting in:large pipe strains
and low values of relative joint displacements For instance, a continuous pipe of length equal to
ten basic segments will result in an increase in the R, value of 100 relative to that for the basic
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segment because the relative soil stiffness varies as the length squared. See Figures 11 and 12 for
the effects of this increase in Rq. It is noted that the sum of I, the pipe stra-nratio, and I"j, ihe
joint displacement ratio, will be greater than unity because I, is based on the_maximum axial strain
in a segment rather than the average axial strain. ‘

It is expected that Figures 11 and 12 will provide a useful design aid to those involved in the
seismic analysis of segmented buried pipe-lines. It is to be noted that under high levels of seismic
activity, slippage may occur between the pipe and soil due to high surface shear stresses. This analysis
assumes slippage does not occur and thus provides a conservative estimate of expected strains.

.2 Beam on Elastic-Plastic Foundation Model

Ilil.2.1 _Preface \ : ‘

The analyses shown thus far are based on the assumption of elastic behavior in the soil. In
other words it is assumed that the longitudinal soil resistive force can be developed to an unlimited
magnitude. A refined approach, assuming slippage between the.pipe and the soil is discussed in
this section. This analysis method is expected to be valid for moderate to strong earthquakes with
relatively high ground strain levels (i.e., 1073).

M.2.2  Analysis ’

By coupling the work of Shah and Chu(20) and that of Goodling(2D), in the analysis of under-
ground piping for the nuclear industry, with experimental work to determine pipe pullout forces,
an inelastic (elastic-plastic) approach has been developed to approximate strains and relative joint
displacements in a linear (straight) pipeline.

Figure 13 illustrates the basic assumptions for this development as applied to a segmented piping
system. The pipe segments are assumed to be in a peak uniform tensile ground strain field as shown
in Figure 13a. For a bell ended pipe, as commonly used in buried pipe installations, soil forces acting
on the protruding bell are assumed to force this end of the pipe segment and the soil to move as
a unit. In other words, the pipe and the soil experience the same absolute displacement at the bell
ends. (This is in contrast with the beam on elastic foundation model where the center of the pipe
segment was assumed to displace the same as the ground:) The total ground displacement, A,
developed over a pipe segment length will be the product of peak uniform ground strain, €, and
pipe segment length, L. Since each bell end is assumed to displace the same as the soil, the relative
displacement, A, between bell ends will be a combination of relative joint motion, Aj, and pipe
elongation, Ap, (see Figure 13b),

By = B, + : | (40)

The pipe elongation:will be.due to joint force, F;, (the product of joint stiffness, kj, and relative
joint displacement, A;) and the soil resistive force distribution, - .

-The analysis procedures .assume: that. the soil resistive force function is not ideally elastic as
assumed in the previous analyses but:is either-ideally. elastic-plastic or ideally rigid-plastic. The use
of the different assumptions is dependent on the strain condition near the bell end of the pipe.
Consider first: the-strain- distribution as noted in Figure 13d where the peak pipe strain is equal to
the uniform ground strain over a region- from. the bell to point 2. For the elastic-plastic soil resistive
force model, in. the region where pipe strain, ¢_,.is equal to ground strain, €, , no surface resistive
forces develop since no.relative motion exists between .pipe-and soil. This is followed by a transition
region where relative pipe and. ground motion .is greater than zero but less than that required to
cause slippage. In this region the soil resistive force, f, is the product of longitudinal soil stiffness,
ks, times the relative motion: between pipe and soil. Beyond- this elastic transition region the soil
resistive - force -reaches. its limiting:value, f. When pipe strains ‘match the uniform: ground strains,
overall force equilibrium of ‘the pipe segment will riot be changed. if the. total force developed in
the elastic transition region is replaced by an extension of the uniform slippage force length sufficient
to produce the same soil resistive force.: Then, {2, will be equivalent in magnitude to the force
obtained by integrating the actual soil resistive force disttibution: (elastic transition and slippage
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force region) over the pipe segment length (see Fig. 13c).

Although force equilibrium is satisfied, if the elastic transition region is relatively long the
overall displacement compatibility could be affected by the “equivalent” slippage force approxima-
tion (i.e., the value of pipe elongation, A, could be incorrectly estimated). If it is additionally
assumed that this elastic transition region is short as compared to the pipe segment length, then
an expression for the pipe elongation can be directly obtained as:

9 kAL
by = em(L-2) +53g +—-A-’E— (41)

where A represents the cross sectional area and E is the pipe Young’s modulus.
Substituting expressions for As and Ap into Eqn. (40), an equation for Aj becomes:

0 £
emU - S
A; = 2AB (42)
] kal
1+
AE

The value of 2; can be obtained by first writing the expression for force equilibrium on the
segment,

& = enAE- ki : S (43)
and then substituting for A; from Eqn. (42) and solving for 2y, |
2AE 2emky
= e + —_— T -
g, K [ 1 P 1 ] (44)
when (kj >0).
Alternately, for very small values of kj,
€nAE
p =t (5 ~ 0) (45)
$

If £, is less than segment length, £, the assumption of peak pipe strain is verified. The relative
joint displacement, 4, is then calculated from’ Eqn: (42). ' :

For practical applications, k; will be sufficiently small in gasketed connections'to be ignored
with little loss of accuracy. When the influence of joint stiffness, kJ , is in ‘doubt use the smaller
value of £; from Eqn. (44) and Eqn. (45). © : T

The above analysis assumed elastic-plastic soil ‘behavior but simplified the elastic soil force
transition zone as a statically equivalent extension of the slippage force region. v

It was possible to maintain force equilibrium because the peak’pipe strain was assumed to be
equal to the ground strain and hénce was known. It was additionally assumed that the elastic
transition took place over a relatively short length such that idealization of this region would not
significantly affect displacement compatibility. SR

When the value of 2; as calculated abové exceeds, L, the pipe segment length, the pipe strain
is less than ground strain; Hence, the value of pipe strain is not known and force equilibrium cannot
be established to determine the slippage length, ;. For this situation the assumption of rigid-plastic
soil behavior is employed, Again it is assumed the elastic transition soil:force region is relatively
short. For the rigid-plastic assumption, the entire elastic transition force region is modeled as a
uniform slippage force distribution, The assumption is that the transition zone is so short that the

—16 -




R RS

additional increase in axial force, representing the difference between clastic and plastic resistive
soil force behavior, is not significant. For these assumptions the pipe strain, €ps and relative joint
displacement, Aj, are:

& =2 ;,?ﬁ- @ > L) (46)
[em?- "figi"']
A = M—;(J%’—“; @ > 1) 47)
T2

Ii.2.3  Sample Problem
In order to make a comparison with the elastic solution based on Beam on Elastic Foundation
Model, consider the same pipe problem:
Nominal pipe diameter of 8 in., outer diameter, d, = 9.05in. (23 cm)
Wall thickness = 0.41 in. (1 cm)
Pipe area, A = 11.1 in? (72 em?)
Pipe modulus of elasticity, E = 14 x 10® ksi (96.5 GPa)
Segment length, L = 20 ft (6.1 m)
Joint stiffness, k; = 8.8 kfin (1.54 MN/in)
Maximum ground strain, ¢,, = 0.82x 10
In addition, the slippage force, f, is assumed approximately to be 25 Ibfin (4.4 kN/m) for
the 8 in. pipe.
By Eqn. (44),2, = 754 {t (230 m)
and by Eqn. (45), £, = 425 t (129.5 m).
Both values are noted to be much greater than the segment length, thus, by Eqn. (47), the
relative joint displacement is:

Aj = 0.19 in (0.48 cm)

and compared to 0.14 in (0.37 ¢m) from the elastic analysis.
The peak pipe strain, by Eqn. (46), is:

e = Sx 107

corresponding to a stress of 0.7 ksi (4.8 MPa) as compared to a peak strain of 34 x 10 from the
elastic analysis.

Thus, with the assumption of slippage, the peak strain has been reduced to approximately
15 % of the value obtained from the elastic analysis and the relative joint displacement has increased
36 % above that obtained by the elastic analysis to 95 % of that predicted by the upper bound
criteria.

HI.2.4 Discussions

The inelastic approach, assuming slippage between the pipe and the soil, appears to be justifiable
for high ground strains associated with moderate earthquakes. The technique provides a simple
approximation of peak pipe strain and relative joint displacement once the slippage force has been
determined. As noted in the sample problem, the effect of assuming slippage is to increase the relative
joint displacement. For low values of slippage force, when the full segment length is not sufficient
to develop a strain equal to the ground strain, the peak pipe strain will be less than that predicted
by assuming elastic behavior. :

This technique is sensitive to the assumption of the slippage force magnitude. It is expected
that use of this lower bound value could underestimate peak pipe strains by a factor of 2.3, Relative
joint displacements calculated by this technique will of course be conservative for low slippage
force values,
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Iv. QUASISTATIC ELASTIC ANALYSIS

IV.l _Preface

In the ‘simplified approach,” upper bounds for pipe strains and relative joint displacements
are obtained by assuming that the pipeline is continuous and very flexible or the pipeline consists
of isolated rigid segments. Static analyses assume uniform ground displacements. In reality, a buried
pipeline has clasticity and reacts to the seismic shaking through the media of the surrounding
environments. Thus, the response behavior of the buried pipéline will be influenced by a number
of physical, geotechnical and seismological parameters. The physical parameters are the geometrical
and mechanical pipe properties such as diameter, thickness, segment length, and Young’s modulus.
The geotechnical parameters are the soilstructure interaction resistant constant, its variation along
the pipeline and the wave propagation velocity. The seismological parameters are the form, duration,
amplitude and the slope of the ground displacement time history.

In earlier investigations(10, 18) 3 preliminary quasi-static model consmtmg of rigid pipe segments
connected by elastic joint springs was used to study conservatively the relative joint motions of
segmented pipelines due to seismic ground shaking. Based on the general formulatlon(9) a more
rigorous quasi-static analysis model has been developed to study parametrically the response of
elastic buried pipelines, segmented or continuous, subjected to earthquake motion in the axial
direction (11,21, 15)  Note that in this analysis, pipe materials, joint springs as well as soil resistance
are all assumed to be linearly elastic through the entire time domain. ‘

IV.2  Formulation of the Problem

IV.2.1 - - Description of the General Model. v
A long buried piping system consisting of n- segments is shown in Flg 14 where K, . KQ, K,
.. K, are spring constants at joints between pipe segments; Ko, K, are spring constants at the
end supports; Xy, X, .. Xajor; Xaj, .. Xan-1, Xan are longitudinal displacements at the ends
of pipe segments which are different from those of quasi-static upper bound analysis; Xgi, XG2,
.« Xgn-t are the corresponding ground displacements ‘at the ségment intersections in"the sarne
direction as the pipeline axis; Xgo and Xgp are the ground movemients at the ends} Ly, Ly,".. Lj,
. L, are pipe lengths; and k;, ka, .. kj, .. kpy are soil resistant spring constants per unit length
along the pipe segments.
- IV.2.2 - Strain Energy in A Pipe Segment .
Referring to Fig." 15, for a pipe segment subjectvd to two end forces and a lmearly dlstrlbuted
soil resistance force, the dlsplacement function within a segment is a cubical variation as:

N

A ’ X2i-l o P - )
- -y X 48)
¢ = [-—77) 7] '
1 1
The strain function is:
: ‘ ST
ey = G0 -3x 3x° 4 ) : S g9
) =g = [ 5] e
- ' - Xai




and the stress function is:

\ Xa2i-1
= (50)
b La
Xai
The strain energy within a pipe segment i
Ubipe = 5. o' ejdv =1 (11 gt eicd 1)
pipe = fv 01 &av =7 fo 0j €jA;dx

where 0;'is transpose of 0;.
Substituting Eqns. (49) and (50) into Eqn. (51) and integrating, one obtains

9E; A -9E;A; X
, SL; 5L; -
U:)ipe “é— [Xai-1 Xai (52)
-9EA; 9E; A4 X
5L, 5L 2
The sum of energies of all segments in the system is:
Total N
Upl(;)él = izll U;)ipe (53)
_ 1 t
=5 {X{" Kipe] 1]
where
{X% = [X, X2 oo X3 Xq . Xaior Xai o. Xanot Xon] (54)

. 1x2n
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and [Kpipe] is a symmetrically tridiagonal matrix as shown below

E|A1 "VEIAI
| L,
"’E]A] ElAl
L, L,
0 E;A, -E,A;
L, L
"EQAQ 'E2A2
.9 L, L,
(pipe] =5 . e ma
o C 'EiAi *'i‘Ai"
Lj Lj
-EjAj Ej A
Lj. L; o
0 EnAn "EnAn
Ly Ln
~EqAn - EnAy
Ln Ln
2nx2n
(55)

Iv. 2 3 Strain Energy in A Joint Spring
Referrmg to Fig. 16 the sprmg elongatlon and sprmg force can be expressed

o % e o
-1 1] { ‘ : (56)
7 Xaiet

Di =
Xai ‘

Fi = K K] (57)
X2is1

The strain energy withih a spring is
i 1 .t
Uspring =~5Fi Dj
Kj -Kj Xai
1 v '
=y [(Xai  Xajul : ' (58)
~Ki Kj X2in

=20 -




QST Aoty

- Two special cases are developed for the end supports. -
For the beginning support, i = 0, it is assumed that X = XGo. Thus,
Ko -Ko XGo
tart )|
U:p{;;ng =y [Xco Xi] 1 (59)
"Ko i Ko X]

~ \

For the end support, i = n, it is assumed that Xanet = Xgp and

) r
Kn ~Kn Xan
nd 1
ngring =—2"'[X2n XGn] (60)
“Kp Kn XGn
The total strain energy contained in all joint springs is as follows:
Total _ 1 i
Uspring - ? Uspring
i=0
2&} [ sprmg] i L : ,,

where
if}t = [XGo X1 X2 .. Xoior Xai .. Xanog ‘in XGn]

and [Kspring ] is a symmetrical tridiagonal matrix as follows:

Ko |K I
TR i
{ 0 K, -K :
: K K 0 {
| ‘® |
(K gpeing] = | vk E 62)
’ : ’ -K; K 0 |
| . |
: 0  Knpig -Kpg :
| “Kpna Kpa 0|
: 0 Kn : “Kiq
I
(2n+2)(2n+2)
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Using partitioning matrix manipulation, the total strain energy of all joint springs may be
expressed as follows:

Total 1 1
Uspring =7K0 X%o +—2“' Ky X&n

+{X) (R} Xgo + () H{Rpo)} Xga

]
#7500 Kopring) (X 63)
whe_re
{(Kpad' = [FKo 00 ..0
b [- Ko ] 64)
1x2n
{Rped'=1[0....0-K,)
(65)
1x2n

and’ [Kspring] is a symmetrically tridiagonal matrixas:

( N

Ko 0

0 K, -K,

"Kl Kl 0
0 K2 "Kg
"Kz K'z 0 .
[Kspringl = L " (66)
0 K -K
~K; K; 0
. N
0 Kn-1 ~Kn-
"Kn-l Kn-l 0
0 Ka
§ P
2nx2n
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IV.2.4 Strain Energy of Soil Springs Along A Pipe Segment:
Referring to Fig. 17 for the soil resistant distribution, the soil spring displacement and resistance
per unit length can be expressed:

(X2i-1 = XGi-1)

') = P, S O
(X2 - XGi)
( Xai-1 )
Lo S ‘ Xaj
X X X -X
= |~ e (] -——— ————- L (67
[( Li ) Li ( Li ) Li ] < Xci )
XGi
and
[ Xair |
X ki’x X ~kix Xai
RO = (- 1) —{— k(-4 —1] [ (69
1 1 - : l, R .l . XGi-—l» . :
L XGi
The strain energy produced by the soil resistance within a pipe segment is:
o L SR |
Usoit =5~ fp R (%) y(x) dx (69)
- - Substituting Eqns. (67) and (68) into Eqn. (69) and integrating, one obtains: . -
o N
ki kL | o-kL -k
3 6 : 3 6 Xai-1
kL o kL bo-kL oKL
6 3 I 6 3 J Xai
Usoil = 'é* [X2i-r X2i XGiu XGi) |—————— f ———————— ———t  (70)
' “kiLi kL | kL len Xeu
3 6 ! 3 6 Gi-1
“kili kil : kiL kiL; o
-6 3 | 6 3 Gi
\ N J
Y P



Using 2x2 partitioning matrices, Eqn. (70) can be written as follows:

(KL KL ) X
i 1 3 6 J X2i-1
Usoit =5 [Xai-1  Xai] , | ;
kili kil
e ) D)
ki kil | .
1 N 3 7L ( XGi-l
+~7iXGi-1 Xail ) 71
| | kili kil J
6 - X b
L 6 3 Gi :
[ kL; kL, b - {
3 6 XGi1
- [Xar Xl
kil kL 1
L 6 3 J X(xl'

The sum of total strain energy of entire soil syStbm

i

Uso = 1;51 Usoit
:—é‘{x}t [Keon] (X} *%{Xc}t Keon] (X6} = (X} Kol (X} (72)
where P .
(X6)' = [Xco Xoi | Xoi -+ Xai'l Xci -+ Xeaa | Xgnei' Xoal - -3

1x2n
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and [Koul is a symmetrically tridiagonal matrix as follows:

[ KL, KL ]
3 6
Gl by
6 3
0 kol kL,
3 6
koL, kala
6 3 0
Kol = ™ : ' (74)
kiL; kL
0 3 6
kL; kL
6 3 o
. ° :
knLn knLn
0 3 6
kth knLn
] 6 .3
2nx2n

IV.2.5 Total Potential Energy of the Soil-Structure Interaction System
The total potential energy of the buried piping system is the. sum of strain energies of pipe
segments, joint and soil resistant springs. Mathematically, it is expressed as;

Total Total Total Total

Usystcm = Upipe + spring soil . . (75)

Substituting Eqns. (53), (63) and (72) into Eqn; (’/5), oné obtains the pbtenﬁal energy of the entire
system as

. ‘Total lu’«t.’, v
Usystem TT{X} [Kpipe] (X}
+~%~K0 X0 +—é—Kn3(%;n
+ (X' (Ry,) Xgo + (X} {Kye) Xgn
1
"'_i‘ {X}t [Kspring] {X}

+ g 10) K] (X) +5-1%6)" ea] (X6) - (X1 K] (X} (76
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V2.6 _Governing Equilibrium Equation of Buried Pipelines

According to variational principle(23), the variation of total potential energy of an cquilibrium

system is equal to zero, i.c.

Total
_?____syslem =0
3 {X)
Total Total Total
or d Upipc + 0 Uspring + 9 Usoil =0
9 (X} o {X} 9 {X}

Carrying through the derivatives(29) of Us‘ys‘cm

equation of equilibrium of the system:

Kpipe ] (X} + [Kgpring] (X} + Kooy (X)

= [Keou] (X}~ (Kpa) Xgo = {Kye) X
After grouping from Eqn (78), one obtains the following simplified equation:
[Ksystc'n] (X} = [Ksoil] {XG
2nx2n 2nx1  2ax2n 2nxl
* where both [Kgygtem ] and’k[f('soil] matrices are symmetrical tridiagonal matrices as follows:
Ksystem] =
s, T3 Rt v
;9E1Al + lel 9E1A1 lex ) ' -
(L te) (et tKo K
9B,A2  kal, ~9B,Ar koL,
K st KOG g
b
Kai-1, 2i-2 Kzi-1,2i1 Kzi-1, 2i
Kai, 211 Kai 2i Ko, 2in
: °
°
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shown in Eqn. (76), one obtains the following

(78)

(79)

)

(80)



system
K2i—l y 201 7

system
2i-1, 2i

system
Kzi, 2i -

,system
2, 2is1

and

+Ko)

k1L1 lel

. [Ksoil] =

5t K

[ kL, KLy

9EA; kil . _
5L 3 I1<i<n

system 9E;A; . k;L; .

In general terms, the elements of [K, o] are defined as

‘ ‘I—('S()ﬂ i

2i-1, 2i-1

=soil
K2i , 20+l

—soil
2i-1, 24

= Ky o0 =4

= K2i, 201 = - SLl 3 H <isn
9EiA; KL,
SLi +*—3—'+Ki; I<i<n
system
= K‘2i+l, 2% = _Ki 1<i<n
0
k2L2 k2L2
3 6
_llea k.L,
6 3 0
[ -] .
o Kl kil
3 6
lel kiLi
—_— — 0
3 v
e
G k,L,
0 3
Knln
3
2nx2n
= K =~%; Isi<n
_ soll R
= K2i+1,zi=0? I<i<n-1
_ kiL
_ soll 1L 1<i<n
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except for the two ends which are as follows:

—s0il k] L1

Kly =—5—*Ko (83d)
—s0il knln

Kon,2n = n3 — tK, (83e)

V.27 Models for Special Cases

For wider application of the quasi-static model to analyze buried lifeline systems subjected to
seisfnic excitations, two special case models; one for a long buried pipeline system and the other
for a rigid pipe segment will be developed.

(1) A Buried Continuous Pipeline System :

For a long buried continuous pipeline system, there will be no joint springs. In this case, Xy =
Xaisn = Xia is observed. In a n-segment pipeline system, there will be nt+1 degrees of freedom as
shown below:

{Xzom} = [Xy, Xz, .. Xj .. Xn Xnul (84)
1x(n+1)
and
{Xé;,com} = [Xgos XG1 3 ->'_ XGi’t .« Xgn4 » Xgnl (85)
lx(n+1)'

' Observing the 2ith and (2i+l)‘t.h rows of:Eqn. (79) as:

9fLA o s (9—55‘— +E 4K Xt - Ky X
- R g + —k—i;i-xci (86)
and o |
B K:i X2 i‘ ¥ ( 9E:;_ii:ii+1j | + ki+13Li+1 +K;) Xainy + (“9?;:::&1 + ki+i6Li+1 )x2m
= _km;lii XGi +”k"i+%ﬁ XGist o _ (87)

Letting Xai = X2is1 = Xin 3 Xais1 = Xj 3 Xaisz = X2 and _adding Eqns, (86) and (87), one obtains
the governing equilibrium equation for a long buried,q’ontinuous pipeline system as:
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ARG

:?E.‘.ﬁ ) k;Li, 9E;A QEiﬂAiﬂ + kiL; + Kity Li+! ;

L, TTe )Mt Y 3 3 )X
“OEi Ay Ky L.+1
+ Xis2
( SLivg )
kiLi Kir1 Liry
=6 Xci-1 t5 3(k Li + ki) L.+1)ch — " %ait1 (88)

Note that the above equation is good for any 1 < i< n-1 values. The equilibrium of the two
end supports are written as follows:

9B,A, k,L1 SR A, KL
L, P R Xt O T e X
= 3+ Ko) Xgo +—¢— Xa | (89)

and the last row

~9EzAn | knly EnAn; knLy v
5L, + 3 )X, +(= 5L, +~-—3 +K,) Xpp
k L, :
l16 XGn-1 * (-— +Ky) Xgn _ (90)

For free end supports, Ko in Eqn. (89) and K in Eqn. (90) should be removed.

For fixed end support condition, X, =X and X =X , one can write (n-1), equations
from Eqn. (88). Equations (89) and (90) become unnecessary in this case.

:(2) A Rigid Pipe Segmented Systeni : :

For a rigid pipe segment system, it-is observed that X, = Xg, . =X . For an n-segment
plpelme system there wnll be n degrees of freedom as shown below .

{X

) = XX XX o

but there will be n+1 ground dlsplacements as

4 {XG, giad = Xeor Xa1s -+ XG1s -+ Xgn-15 Xenl %92)
Observing (2i-1) and 2i rows of Eqns. (79) as

9BA; k'in- “9BA; ki
“Kict o * O~ 54K Xaiy +(_“51*‘“ —6 ) Xai
k L kil
—3 XGi~1 t—¢— 6 Xé&i ‘ (93)
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and

“9BiA; | kiky IBA; | KLy
5Lt ) Xaia * si,il =3 KXo~ KXo
kils kiL;
== Xai1 t—5Xg (54)

Letting X2i.1 = X2i= Xj; X2i-2 = Xi-1 5 Xa2i+1 = Xisy and adding Eqns. (93) and (94), one obtains
the equilibrium equation for a rigid pipe segment system as:

“Ki Xiop t(kily + K K X - Ky Xy
1 1 y »
=5 kili Xgi-1 5 kili Xgi - 09)

Note that the above equation is good for any 2 <i<n-1 values.
Fori=0, Xo= Xgo» the first row of the equilibrium equation is

(kL +Kp+Ky) X - Kl Xz
= (Ko +*“k1L1) Xgot— lelXGl | - 96)
Fori=n, X 41 =Xgp, the last row of the equ1llbnum equation is | o
“Kpog Xpop +nly Ky +Kp) X, o
= A kalnXGnot + (o knln + K) Xen e

IV.3 - . Ground Motion Input

The sclution of pipe motion X shown in Eqn. (79). depends on the inputs of the ground
motion: Xg . Since X isa function of time, the solution of X s also a functnon of time. Thus,
the method proposed is called the ‘Quasi-static’ model. :

Assuming that the wave form of the traveling seismic excxtatlon remams constant over the entxre
length of the pipeline which is divided into n-segments, the inputs of the time-space varying ground
motions starting from the first support which are different from those for the qua31 -static upper
bound analysis are: e B

- , 0 - t<0‘ o - )
Xgo = ‘ 98a
A pax h(D) ' t=20 .. ;
0. t-AT; <0 |
Xg1 = o : S < = (98b)
A max h(t-AT ) t-AT; =0
0 t-AT; < 0
Xgi = o (98¢)
A max H(t-48T5) t-AT; >0
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where Ay, i maximum ground displacement input in a record; h(t) is the displacement time
function; AT; is the delay time of seismic wave traveling from the first support to the end fact of
ith pipe segment considered, which can be expressed as

AT; = & Ll | (99)

where Cj is the traveling wave velocity of soil surrounding the pipe segment i

IV4 Method of Solution

Note that thc quasr»statrc elastic analysis model shown in Eqn 79 can be solved easily since
the equation is basically a static one. Since XG is a function of time, the solution of X is also
a function of time. If seismic inputs Xy (£;) XGa(t2) ... are given, the response of pipe segments
Xi(t), X2(t) ... are calculated numerically. With thrs numerical procedure, various wave forms
of input and time lag can be incorporated without difficulty as long as we can define the ground
displacement variation in time and in space.

The system of governing equations requires the input of ground drsplacement at an instant of
time. Similarly to that discussed for the upper bound quasi-static model, the response of nodal
displacements, Xj, are calculated by a modified Gauss-elimination procedurc(”) at each time step
for the entire time-history of the earthquake input record. The resulting pipeline nodal displacements,
X’s, are used to determine two design parameters and a soil resistance parameter

e = (X5~ Xoi 1)/L , (100)
Up= Xoiep - er . : (101)
Y= Xgin X of Yi= Xgi- Xoig o (102)
where . .
€ = average stram mlth plpe segment .
;= relative dlsplacement extens1on/contractlon of 1“‘ Jomt spring between two adjacent

- pipe segments-:

. in: Y= crelative dlsplacement between the ground and the pipe.

; Note that. pipe: stresses and Jomt forces can be obtained- dlrectly from prpe stralns and relatlve Jomt
~displacements. . ey

. To. prove- the correctness of the formulanon Serna(13) has verified the. results with those by
: the finite element approach. solved by the large computer program ANSYS(25), The results indicate

that the differences are within 1'% to 3 %.

To investigate its efficiency and correctness further; Serna(13) has solved Eqn, (79), the govern-
-ing ;equation :independently. by :inversion. of the. tridiagonal system matrix instead of by.Gauss
'}ehmmatron procedure(”) ‘The results are- almost 1dent1ca1 and Gauss elimination procedure seems
_to be alittle more efficient in computatron time. )

After thls mvestlgatron, the conﬁdence of the quasr statrc formulatron and the solution

procedure is conﬂrmed

IV .5 Results of Segmented Prpmg Systems ,'

v IV.S. 'I‘he Investrgatlon Parameters
The major mdependent investigation, parameter m,t_hts study is, the ]omt strffness It varres from
.very soft spring,~10° kips/in, (.175 Nfem) to very -stiff- sprmg, 10° Kipsfin,. (1 75 x 108 kN/em)

whrch approaghes to’ a contifiuous piping system..

~ The behavioral parameters mvestrgated are the maxrmum average pipe stram €p, max s maxrmum
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joint displacement U ,,,x and the maximum relative displacement between the pipe and the ground
Ymax - '

A referenced system is described in the next section. The effects of other parameters such as
pipeline and segment length, pipe diameter, pipe materials, etc. investigated will be compared to
the referenced system.

IV.5.2 The Referenced Piping System

To establish a basis for comparison of the seismic response behavior of buried pipelines for
various parameters, the following conditions are arbitrarily set as the “reference” conditions:

Pipeline Parameters

Material (Cast Iron) E = 14000 ksi (96500 MPa)
Outer Diameter D = 18in (45.70 cm)
Thickness to = 0.54in (1.37 cm)
Number of Segments n =120

Segment Length L; = 20ft. (6.1 m)

Free End Conditions ‘ Ko,Knty =0, 0

Joint Spring Constants Ki = 107 to 10° kipsfin

(1.75 x 107 to 1.75 x 105 kN/cm)

Soil Parameters

Wavé Propagation C = 800 ft/sec. (240 m/sec.)

Resistant Spring Constant ki = 3400 lbsfinfin (2340 Nfcm/cm)
Seismic Parameters (Fig. 5) :

El Centro May 18, 1940 S90W Component

Maximum Ground Displacements A, = 7.80in (19.80 cm)

Duration T = 50sec.

Maximum Velocity Vimax = 14.5 infsec. (36.9 cm/sec.)

For an evaluation of the effects of a particular parameter upon the response behavior, only that
parameter will be varied from the above mentioned ‘reference’ conditions.

IV.5.3 Results_ : > :

The study is to investigate the interactions among the various parameters previously mentioned
with the variation of the joint stiffness, from fairly flexible to extremely rigid. Results of maximum
average pipe strain; maximum relative joint:motion and maximum motion between the pipe and
the ground of the system are presented. Note that the maximum average pipe strains and relative
joint ‘motions ate the controlling factots for the design of buried pipelines: The maximum motion
between the pipe and the giound: will determine whether or not slippage between the pipe and the
soil occurs, - o :

(1) * Effect of Segment/Pipeline Lengths - ‘ v

The effect of segmeént length on the seismic response of buried pipelines is studied by considering
thiree pipelines with different segment lengths: <10 ft.(3.05 1), 20 ft. (6.10 m)'and 40 ft. (12.19 ),
all of which are 400 ft. (122 m) long. The results 6f maximum average strains, €p, max , maximum

“relative joint displacements, Umax , and maximum relativé motion between thé pipe and thé ground,
Ymax, are shown in Figs. 18a to 18c respectively. The upper bound strains and relative joint
displacements are also shown. One can see from these figures that the longer the pipe segment is,
the larger the pipe strain, the larger the relative joint displacemént and also the larger the relative
displacement between the pipe and the ground. Since the segment length is directly proportional

to the delay time from one end of the pipe to the other and for'a given seismic traveling velocity,

~the delay time diréctly affect the seismic response behavior of buried pipelines. R
The effect of pipeliné length were studied in two ways. One study was done on pipelines with
20 segments consisting segment lengths varied from 10 ft.(3:05'm), 20 ft. (6.10 m) and 40 ft. (12:19

m). These represent pipelines with 200 ft. (60.96 m),-400 ft. (121.92 m) and 800 ft. (243.84 m) long.
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The results of this study was identical to the one just discussed, that is, the longer the segment length,
the larger the response will be. The second study was for pipelines consisting of 10, 20 and 40
segments, all of which are 20 ft. (6.10 m) in length. The results show that the responses are also
the same as those of the same segment length shown in Fig. 18. This suggests that pipeline consisting
of 10 segments would behave the same as long pipelines, Thus, for analysis of a long pipeline, it is
only necessary to take 10 segments to give sufficient accuracy.

(2) _Effect of Diameter

Pipelines with variable diameters, i.c. 6 inches (15.24 cm), 18 inches (45.72 c¢m) and 36 inches
(91.44 cm) have been studied. Figure 19a shows that the larger pipes have a smaller pipe strain in
low joint stiffness segmented system but all approaching to the same strain in large joint stiffness
to the upper bound value as a continuous piping system. Figure 19b shows that there is very little
difference on the relative joint motion except in the transition zone where larger pipes have a larger
relative joint motion. Figure 19¢ shows that larger diameter pipes have much larger relative motion
between the pipe and the ground. If the surrounding soil can not take such larger relative displace-
ment, the pipe will slip. One can conclude that for a given soil environment, the possibility of slippage
for larger diameter pipes is much higher than that for the smaller diameter ones.

(3) _Effect of Material

The results of maximum average pipe strains, maximum relative joint displacement and
maximum relative displacement between the pipe and the ground for four 18 inches (45.70 cm)
diameter water pipes of different materials (cast iron, ductile iron, reinforced concrete and steel)
are shown in Figs. 20a to 20c. One can see from these figures that as joint stiffness increases
(approaching to a continuous pipe) the strains become larger, the relative joint displacements become
smaller and the relative displacements between the pipe and-the ground become larger. However,
the differences for different materials is commercially available pipes used are negligible. But, one
must remember that ductile material will have more ductility to accommodate the same amount of
imposed strain, and thus has less likelihood to fail.

(4) _Effect of End Conditions '

Pipelines with three various end conditions, free-free, fixed-fixed and free-fixed have been
studied. Note that the fixed-free condition has the same behavior as the free-fixed condition but
in a reversible manner and hence will not be presented. The results of maxinium average pipe strains
and maximum relative joint displacements are shown in Figs. 21a to 21b. One can see from these
figures that pipelines with fixed end condition(s) has high strain and relative joint displacement.
The free-fixed condition has the same results as that of fixed-fixed condition, In practice, a pipeline
joins into a heavy structure, such as buildings or man-holes would be more critical than that of
a pipeline with both ends open such as a culvert during an earthquake.

IV.6  Results 6f Coniinuous Piping Systeins

IV.6.1  The Investigation Parameters . Co .

For continuous piping system, there will be no joint stiffness to be considered. This study
intends to investigate the various effects on the piping system embedded within soil environments,
from very ‘soft’ to ‘hard.’: Thus, the soil stiffness will serve as the controlling patameter. For this
study, we assume: that the axial soil stiffness and the corresponding travelling wave velocity of
the surrounding soil environment are related by the following relationships:

vV, ~ VGlp and ki ~ 026G (103)
where G is the shear modulus, p is mass density of the surrounding soil and kg is the axial stiffness.
Since p will not vary 10 a great extent, we vary G from 500 kip/ft? (23.94 MPa) to 50,000 kips/ft?
(2394 MPa). By arbitrarily assuming that Vs = 800 ft/sec. (243.84 m/sec) propagation velocity is
corresponding to a soil axial stiffness of 3400 Ibsfin/in (2340 N/cm/cm), the axial stiffnesses and
the corresponding wave propagation velocities worked from above approximate relationship are
shown in Table 1 below for the parametric study. The upper bound strains based on El Centro
earthquake are also given.
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Table 1  Soil Stiffness and Propagation Velocity Used for Parametric Study

ks Vs Upper Bound

Psi kPa ft/sec m/sec strain 107
565 3888 330 100 36.62
1130 7791 460 140 26.27
2260 15582 650 200 18.59
3400 23440 800 245 : 15.10
5650 38955 1030 315 11.73
6300 46885 1100 335 10.98
11300 77910 . 1460 445 8.28
17000 117210 ‘ 1800 550 6.71
34000 234420 2500 760 4.83
50900 350940 3100 945 3.90
68000 468840 3600 930 3.36

Other parameters studied will be the same as those for the segmented piping system.
IV.6.2 The Referenced Piping System

30000 ksi (206785 MPa)

Material  (Steel) E =

Outer Diameter D = 18in (45.72 cm)
Thickness to = 0.25in (0.64 cm)
Number of Segment n = 20

Segment Length L;= 20ft (6.1 m)

- End Condition - Free-free

Seisniic- paramelers will be the same as those used for the segmented piping systcm studied.

IV.6.3 _Results -

(1)  Effect of Pipeline Length

Piping systems with three different lengths, 200 ft.(60.96 m), 400 ft (121 .92 m) and 800 ft
(243.84 m) have been studied. The maximum average strain and the maximum motion between
the pipe and the ground vs. soil stiffness are shown in Figs. 22a and 22b. One can see from- these
figures that longer piping system has a little higher response in weak soil region. The effect diminishes
as thé curves converge to the same value as the soil stiffness becomes'larger. The upper bound strain
is also shown for comparison purpose. In general, for continuous plpelme, upper bound strains
can be used without too much inaccuracy. .

(2) - Effect of Diameter
Continuous steel pipelines with three different diameters, 6 in, (16. 83 cm), 18 in. (45 72 cm)

and 367in. (91.44 cm) have been investigated. The maximum average: pipe strain vs. soil stiffness
is given in Fig, 23. One can see from this figure that pipelines do confirm with the ground motion
when embedded in most of the soil regions except for very ‘soft’ soil, where the smaller pipes have
a higher strain,

(3) _Effect of End Conditions '
Again pipelines with three different end conditions, namely, free-free, fixed-fixed and free-fixed

have been investigated, The results indicated that for continuous piping systems, the effect of end
condition is neghglble » .
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IV.7  Concluding Remarks

The quasi-static model analysis provides an efficient quantitative analysis of buried pipelines
subjected to longitudinal seismic shaking. The seismic behavior of straight buried piping system
observed from the parametric study can be summarized as:

1. The pipe strains obtained from the parametric study are found to be bounded by the correspond-

Vv
'gﬁ . This upper bound strain serves as a check

ing maximum ground strains, i.e., €pipe <

to the safety of the pipeline.

2. Increasing joint stiffness will increase the pipe strain and the relative motion between the pipe
and the ground, but decrease relative joint displacements,

3. Larger pipes will increase the relative motion between the pipe and the ground which could
serve as a criterion- to measure slippage possibility. It does not affect the pipe strain of the
continuous system but for the segmented piping system, the pipe strain decreases and the relative
joint motion increases.

4. Longer segment length will take a longer time for the seismic wave to travel from one end of
the segment to the other end and the pipe will experience a stronger excitation,

5. Pipelines do move closely with the ground except where it is embedded within very “soft’ soil.

6. Pipelines embedded within soft soil have a larger relative motion between the pipe and the
ground and a larger pipe strain. :

7. The effects of number of segments, boundary conditions and pipe material are negligible to
the behavior of the piping system during axial seismic shaking,
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V. QUASISTATIC ELASTO-PLASTIC ANALYSIS

V.1, Preface

In Previous sections, only the static analysis based on beam on elastic-plastic foundations has
considered the inelastic: behavior of -soil resistance. The analysis: considers pipelines imposed by
uniform ground strain only. It does not consider ground wave variation.

The quasi-static upper bound analysis and the quasi-static elastic analysis consider the variation
of ‘seismic wave by . inputting ‘the  ground displacement time function in the system. However all
resistant parameters, soil, joints, etc. are considered to be linearly:elastic.

In ‘reality; both sonl and joint resistances-can not be linearly elastic infinitely and the ground
is not subjected to uniform strain. This ‘quasi-static elasto-plastic analysis intends to-include elasto-
plastic behavior for soil and ‘joint resistance to obtain more accurate responses. The plpe material
is stlll conmdered to be lmearly clastic.

V.2 Formulatlon‘ of the‘Problem :

V 2. l General : -

Using energy formulation approach mmllarly to that for th(, quasi-static slastic dnalysls, only
modifications: of ‘energy :due.to: inelastic’ behavior need’ to ‘be discussed. Other procedures will be
the same as those discussed in Section:IV:i— Quasi-Static Elastic:Analysis. :

V.2.2 Strain Energy in A Joint Spring

A elasto-plastic joint spring for i joint and its resistance curve is shown in Fig. 24. For energy
formulations are separately done for elastic and elasto-plastic conditions as follows:

(1) Elastic Condition

When the relative Jomt dlsplacement 8, is less than the plastic deformatlon (Fig. 24), i.e.,

151<18,1 o IFI<I|F,l (104)

where F and Fp are spring and elasto-'plastic spring forces. The spring displacement and spring force
can be expressed:

Xai
& = [-1 1] (105)
Xait1
Xai
Fi = [K Kl (106)
X2i+1
The strain energy within a spring is
i 1 t
Uetastic =5 Fi i
1 Ki K Xai
== [Xai Xair1] (107)
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(2) Elasto-plastic Condition
When the relative positive joint displacement 5 is larger than the p]’\Sth deformations (Fig. 24),

ie.,,
| 6; = &, or F>F, (108)
1 The elasto-plastic strain energy of a joint spring with positive displacement will be as follows:
i+ | S 1
U ol-pt =7 Fi 8i - 5 (Fi - Fp) (i - 8p)
1
= Ki8idp - = Fpd,, (109)
since
X2 N
Fi = Ki6i = ["‘Ki Kl] h (1 10)
‘ Xan)
) O
8§, = [-1 11{ ‘ } (111)
X2it1 , '
1 %
Fp = Kisp = '2— [Ki Ki] o (1 12)
]
. p .
8y ='—!_5[1v 1] { } : ‘ co - (113

Substituting Eqns.:(110) to (112) into :(109), the strain energy for an elasto- plastlc Jomt sprmg
with positive displacement in matrix form can be exptessed as:- »

i+ t 1t

Ulerpt =8 Fi- =565 Fy

T 19 9p
K Ky Xair1
(K K| (8,

- 18p bp) (114)
K K| 8p

Note that Eqn, (113) is good only for positi\)e relative joint motion only, i.e., § =Xoj4y - X2 > 0.
For negative relative joint motion, the sign of the unknown displacément, X341 ~ Xpj, will be
adjusted by itself. However, the sign for the plasuc displacement limit, 5, , must be changed, as
follows: '
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8

5, = -—%—[1 1] 6"} (115)
p

the strain energy for an elasto-plastic joint spring with negative motion will be: -

ol s 6 [‘Ki 'Ki}{xzi '
el-pl =7 5 0p p
2 “Kp K X2ir1

K.

1 i K; ‘Sp
"'—8"[6p 8[)] ‘ ; (116)
K; K; ;

V.2.3  Strain Energy of Soil Spring Along A Pipe Segment

The elasto-plastic soil resistance-displacement characteristics ‘over a pipe segment are shown
in Fig. 25. The relative displacements between the two nodes are assumed to be linearly varied.
The soil resistance is assumed to be elasto-plastic as shown in Fig: 25C with a spring constant
parameter, ki and a plastic deformation limit, yp. Using a space coordinate z, in the axial direction,
the displacement and resistance force with elastic behavior are as follows:

2 3z Xai-1 - XGi-1 |
y(@ = [(1-7) 1] (117)
o Xsi - Xai
Z 7 A Xai- XGi
R(z) = [(1-77)k 1 ki) (118)
! ! Xi - Xgi

The strain energy of the soil springs along a plpe segment:for the elastic and elasto-plastic
conditions are derived separately as follows:

(1) Elastic Condition

- When' the relative soil displacement y(z) is less than the plastic limit, yp along the pipe:length,
there will be only elastic soil spring energy over ith segment in the system as follows: .

1 Lot " S :
Usoil,el =Tfo R(2) y(2) dz * . S (119)

By substitution of Eqns. (117) and (118) into Eqn. (119) and after integration, one obtains:

*  Superscript ‘t” means ‘transpose.’
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i 6 3 : 6 3 ] \ 2Gi
(120)

(2) _Elasto-Plastic Condition

When the relative displacements between the pipe and the ground along the pipe segment
partially or entirely exceed the plastic displaceinent limit, Yps the soil springs theén store elasto-
plastic strain energy in the system. Referring to Fig. 26 for various soil resistance conditions, their
energy formulations are given below:

Case (a): When the soil resistance at the begmnmg of the: segment exceeds posmve plastic
limit, yp, while the end of the segment remains elastic (i.e., Fpj_; > Fp and -Fy <Fy; <Fp).

The plastic zone at the beginning of the segment is

Faiii - Fp
R R L (121)

Using Fig. 25c as a referénce,-the strain energy from the soil spring is

a Lj Zgjmy s e
U(‘)' =%~f01 Rt(Z)Y(Z)dZ __—;—f02 l [R(2)- Fp]t'[Y(Z)‘Yp]dZ

soil, el-pl
D s BN N dz - Zhi g i
=5t R@y@dz -—1" R @y @ d

t 1 22i-1 ¢ ' '
o Fp y (z) dz - ~2~ I p Yp dz (122)

+ f7"2i-l
Note that the ﬁrst tWO terms of Eqn (122) are the same as an 4l 19) The fourth term is unimport-
ant because it'is-a: constant term and will be eliminated during the differentiation process. The third
terin remains to be developed.

Case (b): When the soil resistance at the begmnmg of the segment exceeds the negative plastic
limit, ~Yps while the end of the segment remains elasti¢ (i.e., Fai.q <~ =Fp and - Fy <Fy <F,).

~In this case, the plastic zone at the beginning of the segment is the same as Eqn (121), the strain
energy of the system, with only sign change for the third term is as follows:

(b) Z9j-
sofl, elpl T 2 f R 0y (@) de - > TR @y @
- fo Fp y(z)dz - ——-—f Fp yp dz (123)
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Case (c): When the soil resistance at the end of the segment exceeds positive plastic limit, Ypi
while the beginning of the segment remains elastic (i.c., ~F, < Fzi.;y <F, and Fy; > Fp). The
plastic zone at the end of the segment is

S i) S 124
A7 Py - Fyy (124)

The strain energy for the soil spring is

L

© 1 L, 1
57, R@y@dz -~ fLi_

soil, el-pl =

i [RO-ET 1Y@y ]

1 L
24

R'@)y@d - 17 Ry (@ dz
Y ) 2 TLi~2y; Y

L b 1 Li S oo -
+ f Fp y(2)dz - —~2—va_221 Fy ypdz (125)

Li-2y i

If we redefine a coordinate Z measuring from the end toward the beginning of the segment,
the displacement and resistance functions becorne

' . 5 Xoi-1 ~ Xgid
y@ = [+ (1—%)]{ (126)
! : X2~ Xagi
3 7 X1~ XGi-|
R@= [k (1-1)ki] (127)
! ! Xia - Xai '
The strain energy of the soil spring system is as follows: .
(© 1 Lit 1220 b
Usgit,olpl = 574y R @y @ dz - £ ¥ R @)y (@) dz
294 1 L;
+ Ry (2 dz - Fp'yp dz (128)
o0 295 : . . ‘ ‘

Case (d); When the soil resistance at the end of the segment exceeds negative plastic limit,
-yp; while the beginning of the segment remains.elastic (i.e., ~Fy < Fpiy <-Fyand-Fp; < -F).
The strain energy of the systeit is the same’as Eqn. (128) except changing sign for the third term:

; (d) ‘ IL toL o 1.;'22':" -‘ti:‘_‘:: Lot
Usoil, el-pt =‘7f0’ R (Z)y(Z) dz - —=f) "R Dy (@)dz
Rty @a-A Ry . O
0 ’ 2 Lz P - . ‘

Case (e): When the soil resistances at both ends of the segment excéeds the positive plastic fimit,
yp, (i-e., F2i.1 > Fp and Fy; > Fp), the strain energy of soil system can be found as:
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(c) 1L 1L
Usgielpt = 574" R @Y @ de = 7 [RG)-Fy] [y@-yp] de
S R U O ” B!
=J " Fyy(z)dz- 51, Fp ¥pdz (130)

Case (f): When the soil resistances at both ends of the segment exceed the negative plastic limit,
“Yp, (e, Foi) <-Fpand Fy; < ~Fp), the strain energy of the soil system becomes

) Li .t _ 1L e
Usoil,cl-pl = "fo Fp y(z)dz - “2—‘f0 Fy Yp dz (131

Case (g): When the soil resistance at the beginning of the segment exceeds positive plastic limit,
Yp, and at the end of the segment exceeds negative plastic limit, ~¥p, (i.e., Fai.) > Fp and Fyp; <
~Fp) the plastic zones at the two ends are as follows: - :

Fai-1 - Fp
L3j) = ——————— L, 132
201 Foy - By 1 (132)
Fai - Fp
i = e 33
#2i Fai = Foiy L (133)

The strain energy for the soil spring system is:

et =5 Ry @ ds - (R F 1 (v @ vy b

soil, el-pl = 9

S T R@F ) (@ ty, ) b2

L -
=51 R'@y @ d - - R @)y ()
0 0
Z2i-1 t . ]zt .
+f0 pr(a)dz——i—fo Fp yp de

- R @y @y - Ry () dz
2% 0
I . 22i t . '
T Fevede 9

Case (h): When the soil resistance at the beginning of the segments exceeds negative plastic limit,
-yp and the end of the segment exceeds positive plastic limit, Yp» the strain energy of the system
becomes:
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) 1 1

L; 22j-
Usoil, elpl © _2"1;) : RI(Z) y(z)dz - ——z-fo A1 Rt @y @) dz

1 Z2i-1 ot 1 .z t
- Tfo : Fp Y(Z) dz ~"§—j;) Al Fp Yp dz

- -é- R'(D)y () dz + ) gy, @) dz

1 225 .t ~
Sl ypdz (135)

V.24  Solutions and Preliminary Resuits

Based on the energy formulation discussed, Sema(l3) has obtamed thc governmg equatlom
for the selsmxc elasto-plastic analysis of buried pipelines. Numerical procedures similarly.to ‘that
of ANSYS(3) have been programmed and preliminary results have been obtained. Since the details
of these development will be presented by Serna{l3) in his report, this section only presents the
preliminary results of one example as indicated in Table 2 for the case permitting plastic soil slippage.

Table 2-1 shows the basic control parameters of a pipeline with 20 segnients subjected to El
Centro Earthquake between time 2.30 second to 13.00 second. The pipeline properties, joint and soil
properties are given in Tables 2-2 to 2-4.

The outputs of relative displacements between pipe and ground for the new and far ends of
the pipeline are given in Tables 2-5 and 2-6. One can see from these tables that the relative dlsplace
ments between the pipe and the ground are large and in the plastic range (slippage).

The outputs of pipe strains and relative joint displacements are shown in Tables 2. 7 and 2 8.
In general, under the slippage condition, the maximum pipe strains and relative joint dlsplacement
are a little less than the elastic analysis (Sectlon I} as anticipated. .
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VI. SUMMARY AND CONCLUSIONS

This report summarizes the seismic analyses for the responses of buried pipelines subjected to
seismic ground shaking. The analyses covered are as followed:

Upper Bound Analyses
Simplified Approach
Quasi-Static Approach
Static Analyses N
Beam on Elastic Foundation Model
Beam on Elastic-Plastic Foundation Model
Quasi-stati¢ Elastic Analysis
Quasi-static Elasto-plastic Analysis

The upper bound analyses are simple but conservative and the bounds are used as a basis of
normalization of results. : ‘ ‘ o

Static analyses are a higher level of analysis for the response behavior of buried pipelines. It
accounts for ilie elasticity of the pipe material, stiffness of joint springs as well ‘as soil resistant
characteristics. - However,’ the static analysis assumes uniforin ground strains. No earthquake time-
displacement inputs are necessary. o ' - s

‘Quasi-static analysis, either ‘elastic or elasto-plastic, are the highest level of analysis in this‘repoit.
The analyses not only take the elasticity of pipe material, joint stiffness and soil resistant character-
istics ‘into account, théy also’ take the’ ground displacement variations into account by inputtirig
actual earthquake displacement-time history in'the analysis.' Since ‘at each time step, the equilibrium
equation is essentially a static one. Since ground displacement varies with' time; the résponses are
also varied with "time. Therefore, the analysis is’ called quasi-static analysis.” The “dévelopiments: of
these analyses are based on the fact that the observed’ earthquake responses of buried ‘pipeline are
essentially static and the éffects of inertia force are‘negligible. - R

Based on these -analyses, general ‘conclusions for the seismic-responses of buried pipelines can
be summarized as follows: e S S ' s ‘

* The behavior of seismi¢ response of ‘buried pipeline is controlled by the ground displacement
charactefistics, not by ground accelerations. * . -~ - o

*-'Both' pipe strain and relative joint displaceménts are jointly taken up the imposed earthquake
ground displacement. Thus, highest pipe strain will be achieved when the pipe is continuous and
longest relative joint displacement will be rélieved when pipe seginents are infinitely rigid. -~ -

The responses-afe laiger under softér soil ‘condition. This ‘is because softer soil ‘has lower

wave: propagation spéed and thus’ requires loriger delay time for ‘one end of the pipe segment to

thé otherend. - HE L '
+ The responses are higher when there is no slippage between the soil and the pipe. Slippage
‘réduces both ‘pipe strains and relative joint displacements. _ : ‘
"+ For segmented pipeliries; longer plpe segment will produce high pipe stain and larger relative
joint displacement.
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Table 2-1
Wk ook koA ok ke ok ok ok ok ok ok o ok Kok Kok ok ok ke ok kR koK K K

* *
* *
: ELASTO-PLASTIC PIPELINE ANALYSIS :
* *

(EEEES ESEEESEEEESEEEEESEREEEE S EEE S S S

:******f***********ff********#*******:
*  NUMBER OF SEGMENTS 20
*  NUMBER OF JOINTS 21
¥ INITIAL TIME 230 %
*  FINAL TIME 13.00 %
*  TIME INTERVAL 0.10 ¥
*  NUMBER OF ITERATIONS 5. %
*  INITIAL PERCENTAGE 0.0100 ¥
LEEEESEEREEEE R EREEEEEEREEEES R EEEEERE LS
:********************************#***:
* PLASTIC *
* SLIPPAGE PERMITTED *
* NORMAL STIFFNESS *
x NEW FORMULATION *
% dk % k ok 3k %k ok ok ok %k k %k ok k k k %k ok %k ok dk %k ok ok ok ook ok ok ok ok ok ok ko ok

Table 2.2
EEEFEEEEEEEEREEEEEEREEESEEE SRS R L]

* *
* *
: PIPELINE PROPERTIES :
A ok ok oK ok ok Ok ok ok R ok ok ok ko K ok ok ok ok ok ok ok ok ok o ok ok Kk

PIPE I. DIAMETER EX. DIAMETER AREA M. ELASTICITY LENGTH
1 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
2 0.1750E+02 0.1800E+02 0.1394E402 0.3000E+08 0.2400E+03
3 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
4 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
5 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
6 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
7 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
8 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
9 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
10 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
11 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
12 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
13 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
14 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
15 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
16 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
17 0.1750B+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
18 0.1750B+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
19 0.1750E+02 0.1800E+02 0.1394E+02 0.3000E+08 0.2400E+03
20 0.1750E+02 0.1800E+02 0.1394E+402 0.3000E+08 0.2400E+403
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JOINT STIFFNESS MAXIMUM ELASTIC DISPLACEMENT
I 0.1000E+04 0.1000E+10
2 0.1000E+04 0.1000E+02
3 0.1000E+04 0.1000E+02
4 0.1000E+04 0.1000E+02
5 0.1000E+04 0.1000E+02
6 0.1000E+04 0.1000E+02
7 0.1000E+04 0.10005+02
8 0.1000E+04 0.1000E+02
9 0.1000E+04 0.1000E+02
10 0.1000E+04 0.1000E+02
11 0.1000E+04 0.1000E+02
12 0.1000E+04 0.1000E+02
13 0.1000E+04 0.1000E+02
14 0.1000E+04 0.1000E+02
15 0.1000E+04 0.1000E+02
16 0.1000E+04 0.1000E+02
17 0.1000E+04 0.1000E+02
18 0.1000E+04 0.1000E+02
19 '0.1000E+04 0.1000E+02
20 -0.1000E+04 0.1000E+02
21 0.1000E+04 0.1000E+10
Table 2-4
:***********#**********:
: SOIL PROPERTIES x
%k sk ook ke ok ok ko ok ok ok ok ok ok ok ok ok ok & ok & & ok X )
SEGMENT ~ SOIL STIFFNESS PROPAGATION VELOCITY MAX. ELASTIC DISP.
o 0.5650000E+03 0.3960000E+04 0.3000000E+00
2 . 0.5650000E+03 0.3960000E+04 0.3000000E+00
3 -0.5650000E+03 0.3960000E+04 0:3000000E+00
4 10.5650000E+03 0.3960000E+04 0.3000000E+00
5 -0.5650000E+03 0.3960000E+04 - 0.3000000E+00
6 10.5650000E+03 0.3960000E+04 0.3000000E+00
7 10.5650000E+03 0.3960000E+04 0.3000000E+00
8 0.5650000E+03 0.3960000E+04 0.3000000E+00
9 10.5650000E+03 0.3960000E+04 0.3000000E+00
10 - 0.5650000E+03 10.3960000E+04 . - 0.3000000E+00
11 - "0.5650000E+03 0.3960000E+04 - 0.3000000E+00
12 10.5650000E+03 0.3960000E+04 0.3000000E+00
13 0.5650000E+03 © 0.3960000E+04 0.3000000E+00
14 0.5650000E+03 0.3960000E+04 0.3000000E+00
15 - 0.5650000E+03 0.3960000E+04 - 0.3000000E+00
16 - 0.5650000E+03 0.3960000E+04 0.3000000E+00
17 0.5650000E+03 0.3960000E+04 0.3000000E+00
18 0.5650000E+03 * . . 0.3960000E+04 . 0.3000000E+00
19 0.5650000E+03 ' - 0.3960000E+04 0.3000000E+00
20 0.5650000E+03 0.3960000E+04 0.3000000E+00

Table 2-3

***********t**********;

%
* .
: JOINT PROPERTIES

d ok K ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok Kk ok ok
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Table 2-5

SN e e e e e e

AR A KRR AR HF R KA AR R R R E Rk R R Ak Ak kR h kA F kK %
x RELATIVE DISPLACEMENTS BETWEEN PIPE AND SOIL %
I***********************B*EyP********************:

PIPE POSITIVE TIME NEGATIVE TIME
0.328621630E+00 11.8 ~.429268122E+00 2.3
0:300511658E+00 11.8 -.399650872E+00 2.5
0.326350093E+00 11.9 ~.424964249E400 24
0.298811759E+00 12.0 ~.410663009E+00 2.5
0.322245777E+00 12.0 —.420976818E+00 2.5
0.326759875E+00 12.1 ~.425335824E+00 2.6
0.296908319E+00 12.1 ~.397724152E+400 2.8
0.326281250E+00 12.2 ~.424901068E+00 2.7
0.301824 749E+00 12.3 —.413121402E+00 2.8
0.318615913E+00 12.3 —.417359531E+00 2.8
0.326691628E+00 124 ~425274014E+00 2.9
0.293315709E+00 12.4 —.398239434E+00 3.0
0.326212466E+00 12.5 —.424827993E+00 3.0
0.306846499E+00 12.6 - —.415579557E+Q0 3.1
0.314987242E+00 12.6 —413751185E+00 3.1
0.326623321E+00 12.7 -.425201535E+00 3.2
0.289717376E+00 12.7 —.400722086E+00 3.3
0:326143742E+00 12.8 —.424775839E+Q0 33
0.311851621E+00 12.9 . =.418001652E+00 34

20 0.309469998E+00 12.9 .. —406695485E+00 34
KERKKERE RN IR AR KRR R R R RE TR AR LR R K%
L E MAXI UM VALUE 0.32862E+00 o
*  MINIMUM VALUE . ~0.42927E+00 *
R LT EE X *

EEEEEEEEEEEREEEEEEEESEEE SN

Table 2-6
************************v*.***********************'

*
RELATIVE DISPLACEMENTS BETWEEN PIPE AND SOIL %
*
*

*
*

* S

%* - - ., FAR-END | .

KA kR Rk Rk R Rk ok Rk ok Rk R Rk Rk ok Rk ok kK oh ko k ok ok ok &k ko k ok ok ok k&

e e g

PIPE POSITIVE TIME NEGATIVE CTIME
1 0.42109024 SE+00, 2.3 —.323876977E+00 11.8
2 0.400724232E+00 2.3 ~.301543772E+00 11.8
3 0.425334275E+00" 2.4 —.326110542E+00 119
4 . 0.409759402E+00 « - 2.5 ~.295397758E+00 12.0
5., . 0,422143400E+00, 2.5 —.322902024E+00 12,0
6 0,424962103E+00 2.6 .325702012E+00 12.1
7 0/398439348E+00 * ' 2.8 ~.297964156E+00 12.1
8 0.425397575E+00 2.7 +.326179147B+00 12.2
9 . © 0.412283540E+00 - - 2.8 +.300457895E+00 12.3

10 .~ 0.418567657E+00. - 2.8 ~.319343686E+00 12.3
11 0,425024211E+00 2.9 —.325770199E+00 12.4
12 10.397292614E+00 3.0 —.294373095E+00 12.4
13 © 7 0.425449789E+00 " 3.0 -326247892E+00 12.5
14 . 0.414808095E4+00 -~ » - 3.1 ~.305510521E+00 12.6
is. 0.415000379E+00.- :. .. 3.1 —.315784812E+00 12,6
16. 1 0.425075412E+00 3.2 —.325838268E+00 12,7
17 0.399769723E+00 3.3 --.290776432E+00 12.7
18 0.425523520E+00° 3.3 ~-.326316178E+00 12.8
19- 0.417366922E+00 3.4 ~.310576877E+00 12,9
20 - 0.4 1495853 7TE+00 - 3.4 —.314159274E+00 12,9

****#*********l\kR***#**#t**#****##***

¥ MAXIMUM VAL UE 0.42552E+00 "~ *

¥ MINIMUM VALU ~0:32632E+00 - - 3

***t*#*#,#*##‘***f**************'#*t***
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Table 2-7

X ok ok ok ok sk ok ok ok ok ok ok K ok ok ak k ok v ok ok K ok ok k
' *

¥ MAXIMUM PIPE STRAINS X

(LEEEREEEEEES SRS EEEE R EE LSRR ]

TENSILE TIME COMPRESSIVE

0.120964087E—-04 2.3 ~.103340644E-04
0.120286932E-04 2.5 —.982008805E—-05
0.123411210E-~-04 2.4 —.104903393E-04
0.121747480E-04 2.5 —.964617448E-05
0.122950496E—-04 2.5 —.104075089E--04
0.123456130E-04 2.6 -.10_48459,85E-—04,
0.120043169E--04 2.8 —.970887504E-05
0.123403706E—-04 2.7 —.104912579E~-04
0.122046185E-04 2.8 ~.980137338E-05
0.122525125E~-04 2.8 —.103177963E--04
0.123448754E—-04 2.9 —.104855717E-04
0.120078339E-04 3.0 -.9596290S51E-05
0.123394793E--04 3.0 —.104921692E-04
0.122339798E-04 3.1 —.995148093E—-05
0.122090432E--04 3.1 —.102250524E—-04
0.123440213E-04 3.2 —.104865358E—04
0.120427067E—-04 3.3 ©—.948352772E--05
0.123388127E-04 3.3 —.104930723E—-04
0.122605325E-04 34 —.100932621E—-04
0.119297865E-04 3.4 —.996083782E-05

AR KRR ER KRR KR KRR KRR Rk ARk ok k ok k ok k ok ok ok kK

: MAXIMUM VALUE 0.12346E-04 :

* MINIMUM VALUE —0.10493E-04 *

Ao ok ok ok kK oK ok ok Kk ok R K K oK R ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kX

_Table 2-8

********************************************
*

: RELATIVE DISPLACEMENTS BETWEEN JOINTS *

********************************************

LXTENSION TIME . CONTRACTION
0.4292681 22F+00 2.3 ¢ -.328_76,21 030E+00
0.820483387E+00 2.3 + —.624388635E+00
0.817246377E+00 2.4 —.586472452E+00
0.799544990E+00 2.4 —.601408124E+00
0.830736220E+00 2.5 —.617643535E+00
0.802838504E+00 2.6 —.576265812E+00
0.820717394E+00 . 2.6 —.622610390E+00
0.819705784E+00 - - 2.7 --.591451049E+00
0.79763561 5E+00 - 2.9 --.597815871E+00
0.829643130E+00 12,8 - 619073868E+00
0.80524754 5E+00 2.9 . —.572664499B400
0. 817197919E+005 . 2.9 ° —.619085908E+00
0.822120607E+00° : 3.0 —.596418738E+00
0.795826614B+00 - 3.2 —.594223559E+00
0. 828559339E+00 3.1 —.620497823E+00
0. 807645917E+00 3.2 - 569062591E+00
0.813678503E+00 3.2 —.615555644E+00
0.824545562EB+00 3.3 —.601378381E+00
0.79396301 5E+00 3.5 —.590630174E+00
0.824062467E+00 3.4 —.620046675E+00
0.414958537E+00 34 —.314159274E+00

- T T IN INInImMT T
: MAXIMUM VALUE 0.83074E+00 :
* MINIMUM VALUE —0.62439E+00 *
kok ok kk Ak hkkkkhkohkok &k okokohdkokdkkok fkkkkrdhdkkkk
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Flg 1 Schematic of a Buried Pipeline .
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Fig. 3 A Buried Pipeline Model

,xGi

'Fig.4  Dynamic Equilibrium of a Pipe Segment
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- IN CM EL CENTRO MAY 18,1940 SYOW COMPONENT
Peak displacement = 7.79 Inches {19.79 ¢m)

Voax = 14.5 fnfsec. (36.9 cm/sec.)

/\\A:/“\w/\\ J\\/_

0. 5. 10. 15. 20. 26. 30. 35. 40. 45. 60.
TIME IN SECONDS

Fig. 5 Referenced Ground Displacement Input

IN CM REFERENCED CONDITIONS:
$ Excitation - El Centro May 18,1940 S90W Comp.
5 1 Beta- 1,1, 1,1, 1,1
Gamma- 0,0
5 DT- 0.1 sec.
4 1100 |
UmOX 3. I
2. 150
" .L
i
(2¢] [SFEETVIIY U U ST S UrI T B Sru ST S

000! 0ol al

 AUpHAL SHiffness of jeint
PHA= ,
ALPHA Stiffness of soll -

Fig.6  Upax vs @ under Referenced Conditions
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IN CM REFERENCED CONDITIONS:

) Excitation- EI Centro May 18,1940 S90W Comp.
Beta - |, L1, 1,1
7. 4
~ Gamma- 6,0
g M- 6
i DT-  O. sec.
6.
- 15.
5
Ymax {
4 110
3 1
2. {5
L J
0.0 [ RII EENER T A A liﬂlll -
0.001 00l ol 10 10, 100,
| - ALPHA = K/kiL o

Fig. 7 Yax vs @ under Referenced Conditions
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IN ‘ CM
Betg - 1,1,1,9,9,9
4.0 20 1y Ty Iy ‘
rleo \
35 190 Excitation- El Centro May I8, 1940 S90W Comp.
Gamma - 0.0,00
M- 6
. 80 DT- 0.l sec.
3.0 4
- 7.0 Beta - I,1,1,4,4,4
max 2.5 . e
- 6.0 o
204 50
|40
15 4 Beta- I, 1, 1,1, 1,1
3.0
10 4
2.0
0.5 4 ‘
1.0 :
' Oco 1 o ] l 1 1 . | ;" /l » | .I 1; i TS T N | ‘4____
0.001 R o X o] ol

_ Stiffness of joint
ALPHA = gy ees of soil

Fig.8 Effect of Nonuniformity of Soil on Uy,

_sa_




Fig.9  Schematics of Pipe/Joint Displacements
within a Region of Uniform Tensile Ground Strain

| d)Final Position of Elastic Pipelins|

Fig. 10  Force Ethbnumona Differential Léngth of Pipe
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Soil Resistive Fo,‘rce
kglug(x) = u(x)) - dx



Pipe Strain Ratio

Tg=

I‘J- = Joint Displacement Ratio

¢ :
10 = 100.0~
o 10,0~
5.0~y
o8- 5
i Curves Represent Different i
_ , Values of Relative Joint
o8I 1.0 Stiffness - R
o4l 05 R
_ Rj= ki A€
0.2 -2 2
21 L NRy 510 k.- 3
0.10 ' ‘ 1s Rs=ks AE
07 s lfllllli‘l Loy eanl 1 A ||'|111|‘ A 1 lllll‘vl=
[ XE 10 10 100 1000

Rélaﬁve Soil Stiffness - Re

Fig. 11 Pipe Strain'Ratio — I'

Curves Represént Different

Values of Relativé Joint
Stiffness - R; g
4 |
AE
2
9 :
S AE
0.2 5.0~ v - N :
100, \ :
O IO0.0\“ .1 L 1 L } . o

ol o . 10 100 1000

Relative Soil Stiffness - Ry

: Fig’.712 Joint Displacement:Ratio~—I‘j
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b} Forces and Dispiacemenis = Pipe Segment

f JIEN
- ‘-Assumed
fs +————- T
AL Actual .
'Q'F4 _ — e ¥,
transition region

c). Surface Force: Variation

R U SN (I
e

d) Pipe ‘Strain Vdriation

"' ‘Figi 13 -Slippage Effect ori Segmented Pipe
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Fig. 15  A-Pipe Segment with Linear Surface Resigtance Force
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21 Xoiy

g

Fig. 16 A Joint Spring

I‘—*XG;-| F—"6i
i ciariaaaid
X, <%, M%)

R .

~Soil Resistance
Distribution

Fig. 17" Soil Resistant Diétribution along a Pipe Segment
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CAST IRON PIPE ' 20 SEGMENTS ,FREE ENDS

D 4570cm. (181n)
0% o I.37¢m3’ (0.6: in)
F Ep’  96.50xI0°MPa (14x107ksi)
[ ks ' 2340.00N/cm/cm (3400 1bs/in/1n)
| ¢+ 24380 m/s (800 ft/s) UPPER BOUND
4| EL CENTRO S90W:Amox: 1980cm  (7.80in) ___PIPE STRAR_
107 ’
>
5 i
E 6
& : L +12.20 m (40 1)

L+ 610 m (20 ft)
L: 3.05m (10 ft)

i6°
i (a)
i kN/cm
68 10° 10! 102 103 To 0% i0®
— 1 T i - 1 Y 1 e L '4 A '5 1 '6
o 10° 10’ 10° 10° 10 i0 10
JOINT STIFFNESS kips/in
in cm ,
, 3L , , (b)
I0OF ..| + . — UPPER BOUND RELATIVE L:12.20 m (40 ft)
; JOINT DISPLACEMENT L: 610 ‘m (20.ft)
X 2r ¢ e L: 305 m (10ft)
E B
0.50}
> . ‘
kN/cm
R e LA 1o 3 10t 102 0> . 10% . 10% 10
JOINT STIFFNESS  kips/in
in cm _ '
Loof }- (c)
% 2r L+ 12,20 m (40ft)
£ L' 610 m
= oso} Lt 305 m
ok EN/cm
103 104 103 108
o0.0L M 1 - N P r Y ”
10" 10° o' 102 10> 10t 10° 10
JOINT STIFFNESS v kips/in

Fig. 18 Effect of Segment Length (Segmented Piping System)
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CAST IRON PIPE + 20 SEGMENTS, FREE ENDS

Lo 610m (2011)
Ep'  96.60x10°MPo (14x10%ks1)
Kg+ 234000 N/cm/cm (3400 Ibs/in/in)
C: 2438m/s . {800 ft/3)
|62[' EL CENTRO S90W: A mox +19.80cm (7.801n)
" UPPER BOUND
-3
5° | (o)
£ a
o D=6" (16.24 ¢cm),T=0,38" (0.97cm)
R D=18"(4572¢m), T20.54"(1.37 cm)
v D=36"(91.44¢m), T=0.81"(2.06cm)
f e kN/cm
165 10° 10’ 102 103 104 10°  i0®
4 T T 1 L) v A T 1 l‘ - £
-l 2 3 4
10 10° 10 10 10 10 10°
JOINT STIFFNESS kips/in
in ¢m .
2t by ' D=36"(91:44.cm),T=0.81"(2.06cm)
< D=18" (4672¢cm), T=0.54"(1.37¢cm)
o 990r  |upPER BOUND D=6" (1524 6m), T=0.38"(0.97cm)
£ , KN /cm
10° 10’ 108
00.0 : - 1, , — - ¥ > N,
10’ e Te LR T R 1+ 0 10 i
JOINT STIFFNESS . kips/in
in cm ’
(c)
3
100} D =36"(91.44 ¢m),7=0.81" (206 cm)
- D=18"{45.72¢m); T=0.64" (1.37 cm)
2| 0=6" {15.24cm), T=0.38"(0.97¢m)
« 0.50} -/
[v]
g I+
> : kN/cm
o.0ol L , 102 103' IJO‘? 10° |‘o_'-’j
10" 10° o' 10% 10° 0t . io® 10®
JOINED STIFFNESS Kips/in

Fig. 19~ ‘Effect of Diameter (Segtiiented Piping System)
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ep,mcx

Umax

max

20 SEGMENTS FREE ENOS

D 4870 ¢m (18in)
Lo 6.10 ¢m (2011
kgt 234000 N/em/cem (3400 Ibs/in/in)
C 243.80 m/s (800 ft/s)
2 EL CENTRO S9OW + A mox * 19.80 ¢cm(7.80in)
10 r : -
—— REINFORCED CONC. PIPE UPPER BOUND
— CAST IRON 8 STEEL PIPES PIPE STRAIN )
103k fOUCTILE [RON PIPE
10%}
kN/cm
10% 10 10 10 10 10 10 10
1 - L - 1 - A T A v o T ] r
10" 10° 10' 10? 0 1t 10f 10°®
" JOINT STIFFNESS Kkips/in
in ¢cm
150} #
CAST IRON,STEEL AND
» al DUCTILE IRON PIPES
“100f
2t (b)
0.50F | uPPER BGUND JOINT DISPLACEMENT
: R KN/cm
o | 2 3 "6
000 10 10 10 10 10
- - . . — — - .5 -
10" 10° 10 1% 16> 1o 10 10
JOINT STIFFNESS kips/in
in ¢cm
4t ET R
.50 DUGTILE IRON‘ PIPE -
i " CAST IRON ‘PIPE =
REINFORCED CONC. PIPE
2l .
ik (e) KN /cm
— 4 .3 RPN -
o0l Lo e W 0 ]
10! TR T , 10° 10’ 10* “10° "10°
JOINT STIFFNESS kips/in
‘Fig. 20 - Effect of Material .(Segmented Piping System)
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CAST IRON PIPE : 20 SEGMENTS,FREE ENDS

10 (
D : 4570 ¢cm (18in)
to * 1.37¢m (0.64 in)
Ep’  96.50xI0°MPa (14 x10%ksi)
2 ks +  2340.00 N/cm/em (3400 Ibs/in/in)
1o C + 24380 m/ (800 ft/s)
EL CENTRO S90W:Amox: 1980cm  (7.80 in)
»
£
-3
g 10 N
v (FIXED,FIXED)
(FIXED,FREE)
(FREE,FREE)
10*F (a)
kN/¢cm
1G5 10° 10' 10% 10° 10* i0°
1o “1e° io' 10° 10° 10} e
"JOINT STIFFNESS Kips/in
in cm
5|
. loor (b) o
o ol (FIXED,FREE)
£ (FIXED, FIXED)
=2 (FREE,FREE)
0.50} 1
| -
R N
0.00} o o i ' : ' __kN/em
o' 10 0% 0> 10 10°
JOINT STIFFNESS Kips Zin
Fig. 21  Effect of Boundary Conditions (Segmented Piping System)
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€p,max

Ym Qax

STEEL PIPE , FREE ENDS

D+ 465700m | (18 in) |
to* 064cm (0.251in) |
Eg' 206.80x10°MPa (30 x10%s1) |
EL CENTRO S9OW 'Amax 119.80 cm (7.80n)
1G2r 243.84m (800')
_ 121.92m (400')
60.96m (200")
UPPER BOUND
- ——
10°F \/
(a)
104
g8 i 10*  N/em/om
10 T T T 10°
SOIL STIFFNESS Ibs/in/in
in cm
3oof 8F _
)
| - 243.84m (800")
o5k S 121.92m (400"
: ' —60.96m (200" -
.o 4f (b)
ors} 21
10% N/cm/em
0.00 h — '4} s
10% 10° 10 10
SOIL STIFFNESS Ibs/in/in

Fig.22  Effect of Pipeline Length (Continuous Piping System)
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-2
10 L _
D= 6.6256"(16.83¢cm),T=0.188"(0.48¢cm)
D=18"(4572¢m), T=0.26"(0.64cm)
D=36"(91.44cm), T=0.26 (0.64 cm)
UPPER BOUND
X 63 el
£ =
a
v
104k
68 192 n93 |p" N/cm/em
10% 10° T T 4
SOiL. STIFFNESS . 1bs/Zin/in

Fig. 23  Effect of Diameter (Continuous Piping System)
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XGi-1 — X6
X2i-1 L—-X2j

b andl ndil ondBE ol aundib ool o

.1

R —

a) Pipe Segment and Coordinates

X2i-1"XGi-1| [ Xoi = Xgi

b) Relative Displacement Between Pipe and Ground

¢) Soil Resistance - Displacement Diagram

Fig. 25 Elasto-Plastic Soil Resistance-Displacement Charéctje:ris'tics over a Pipe Segment
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Fig.26 = Various Soil Resistances over a Pipe Segment
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